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I, Dr. Kathy Mitchell, state as follows: 



1 . My present position is Senior Scientist, Message Pharmaceuticals, 1448 S. Rolling Road 
Baltimore, MD 2 1 227. Message Pharmaceuticals is a licensee of the above referenced patent 
application. 



2. I am an inventor of the above referenced patent application. 



3. It is my understanding that Examiner has rejected the claims as being non-enabled, 
lacking an adequate written description, and as anticipated by Purchio et al, U.S. Pat. No. 

5,91 9,702. In the telephonic interview on October 28, 2008, the Examiner suggested presenting 
data that further described the claimed cell population and that demonstrated how the cell 
population obtained by the claimed process differ from the prechondrocytes of Purchio et aL and 
the Wharton's Jelly extract used by Purchio et al. In particular, it is my understanding that it is 
the Examiner's position that the current claims encompass a crude Wharton's Jelly preparation. 

4. The cell population obtained by the process described in the claims: (a) enzymatically 
dispersing umbilical cord matrix to provide a fraction of cells comprising umbilical cord matrix 
stem cells; (b) exposing the fraction with umbilical cord matrix stem cells to conditions suitable 
for stem cell proliferation; (c) passaging said fraction with umbilical cord matrix stem cells to 
remove non-adherent cells and select a fraction of cells enriched for umbilical cord matrix stem 
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cells, differs significantly from unprocessed Wharton's jelly. In particular, the cell population 
produced by this process is obtained from all portions of the umbilical cord matrix and is 
enriched for cells that are negative for CD45. The population of cells in unprocessed Wharton's 
jelly contains a high percentage of cells that are positive for CD45. 

5. Cells isolated from Wharton's jelly of umbilical cords by the method of Purchio et al, 
(Figure 1) were allowed to migrate from the tissue and expand for 10-12 days as described. The 
Purchio prechondrocytes were harvested by trypsinization, replated and expanded for 4 passages. 
Purchio et al. does not describe a cell population obtained by enzymatic dispersion of Wharton's 
jelly. Cells were isolated from umbilical cord matrix by the method of Weiss et al. by using 
enzymatic dispersion (in this case hyaluronidase and collagenase) and mechanical disruption 
followed by plating for expansion. The umbilical cord matrix stem cells (Weiss-UCMSC) were 
expanded for four passages. 
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Figure 1: Cells isolated from explants of Wharton's jelly by the method of Purchio et al.,s Upper 
panel shows an example of cell migration from the tissue 7 days after processing. The lower 
panel shows an example of cells 12 days after processing of the cord just prior to harvesting by 
trypsinization. 

6. Initial isolates of Weiss-UCMSC (PO) were analyzed for seven cell surface markers by 
FACS (Table 1). The results from FACS analysis of Weiss-UCMSC (PO) show a general trend of 
lower percentage of cells positive for the HSC marker CD34 and endothelial precursor markers 
CD3 1 and CD 133 than for the mesenchymal stem cell (MSC) marker, CD90. A comparison of 
marker expression for Weiss-UCMSC between PO to P4 (Table 2) shows no significant changes 
in the expression pattern of these markers. Exceptions to this trend are the relatively low 
expression of the MSC marker, CD73 (31.7%) and high expression of the HSC marker CD45 
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(46.6%) by Weiss-UCMSC PO. The expression of CD45 is greatly reduced in P4 Weiss- 
UCMSC. The expression of CD73 and CD45 are also significantly different in P4 Weiss- 
UCMSC (93.6% and 1 .6%, respectively) reflecting a more MSC-like phenotype that is obtained 
after adherent cell selection and passage of the cells in culture medium that favors growth of 
undifferentiated MSC. 



Table 1; FACS Analysis of Cell Surface Marker Expression of PO Weiss- UC MSC 
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Table 2: FACS Analysis of Cell Surface Marker Expression of Weiss-UCMSC and Purchio 
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CD13 


98.4 


0.17 


0.07 
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98.3 


0.25 


0.13 
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0.58 
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0.09 


0.04 
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98.5 


0.1 


0.06 
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0.17 
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11.8 
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0.43 


0.67 


0.33 
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0.42 




CD34 


0.63 


0.60 


0.25 
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0.08 


0.15 


0.08 
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0.11 




CD44 


95.4 


1.4 


0.56 
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97.7 
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0.02 


** 
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0.47 
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93.6 


7.2 


3.6 
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0.86 
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0.1 1 
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0.22 




CD105 


76.2 
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5.2 
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0.075 


* 
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1.4 


1.2 


0.49 
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2.7 


0.65 


0.33 
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CD146 


61.5 


16.0 


6.5 


6 


16.9 


6.5 


3.3 


4 


0.0008 


*** 


Unpaired T-test results of data from FACS analysis of ] 


P4 cells Weiss-UQ 


MSC and Purchio 



Prechondrocytes. * p<0.10 5 ** p<0.05, *** p<0.01 

7. The data in paragraph 5 demonstrates that the cel l population obtained by the process 
of enzymatic dispersion and passaging is substantially different from the cell population in 
unprocessed Wharton's jelly. This difference is demonstrated by the differences in cell surface 
markers. The cell population obtained following the processing steps is a substantially different 
cell population. 
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8. There are also other differences between unprocessed Wharton's jelly and the cell 
population obtained by the claimed processing steps. The Wharton's jelly in Purchio et al. is 
described as follows: 

Wharton's jelly is a gelatinous substance found in the umbilical cord which has been 
generally regarded as a loose mucous connective tissue, and has been frequently 
described as consisting of fibroblasts, collagen fibers and an amorphous ground 
substance composed mainly of hyaluronic acid (Takechi et aL, 1993, Placenta 14:235- 
45). Various studies have been carried out on the composition and organization of 
Wharton's jelly (Gill and Jarjoura, 1993, J. Rep. Med. 38:61 1-614; Meyer et aL, 1983, 
Biochim. Biophys. Acta 755:376-387). One report described the isolation and in vitro 
culture of "fibrobiast-like" cells from Wharton's jelly (McElreavey et aL, 1991, 
Biochem. Soc. Trans. 636th Meeting Dublin 19:29S). 

Lacking in the description provided by Purchio et aL, is a description of the structural features of 
the entirety of the umbilical cord, of which Wharton's jelly is only part, and a full description of 
the complex structure of Wharton's jelly itself The fully developed umbilical cord has one vein 
and two arteries surrounded by mucous or gelatinous connective tissue, the Wharton's jelly 
component, all of which is covered with amnion (Fig. 1). There are three distinct zones of 
stromal cells and matrix that can be identified in the umbilical cord: the subamniotic layer, 
Wharton's jelly, and the media and adventitia surrounding the vessels (Mitchell 2005 and 
references therein). The Wharton's jelly region is the most abundant and has cleft-like spaces of 
stromal matrix molecules of collagens type I, HI, and VI, with collagen type VI, laminin, and 
heparin sulphate proteoglycan around the clefts. The jelly-filled, cleft-like spaces are surrounded 
by stromal cells that are slender and spindle shaped myofibroblasts which express vimentin and 
smooth muscle actin as well as desmin (Mitchell 2005). 

We have investigated the localization of proteins expressed by umbilical cord matrix cells in situ 
and found that they are expressed by cells in specific regions of the umbilical cord. Oct-4 is a 
transcription factor primarily expressed by undifferentiated pluripotent stem cells and vimentin is 
an intermediate filament expressed by primitive myofibroblasts, mesenchymal stem cells (MSG) 
and other types of precursor cells. Figure 2 demonstrates that the Oct-4 and vimentin-expressing 
cells in the umbilical cord are confined to specific regions, near the vessels and beneath the 
amnion. This perivascular localization of the cells expressing stem cell markers is typical of the 
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localization of MSC in adult tissues and organs. Note that the major portion of Wharton's jelly 
is not populated by cells which express these markers as shown in Figure 2. However, this 
region is not acellular based on histochemical staining (data not shown). Thus, UCMS cells can 
be isolated from only a fraction of the entire umbilical cord matrix regions. Stripping the 
amniotic covering or vessels, as described by the method of Purchio et aL, without extreme 
care would essentially eliminate these stem cells from the Wharton's jelly prior to its culturing. 




Figure 2: Oct-4 and vimentm-expressing cells in umbilical cord cross sections: A) Cross sections (10 \im) 
of umbilical cord were probed for Oct-4 expression with DAB as a chromogen. Immunoreaetivity (dark 
brown staining was observed in the rounded central portions of cells that are found in clusters (circled) 
near the vessels (V) and amnion (A). B) A composite image of a human umbilical cord shows vimentin- 
positive cells near the vessels (V) and beneath the amnion (A). Magnification of boxed regions in Panel B 
show vimentin positive cells (arrows) near the vessels (C) and beneath the amnion (D), Panel E shows a 
typical example of an umbilical cord cross section probed with secondary antibody alone. Note the 
absence of vimentin and/or Oct-4 positive cells in the major portion of the Wharton's jelly between the 
vessels and the amnion. 

In summary: 

• From the perspective of the complex structure of the matrix and how the cells are 

"entrapped" in lacunae surrounded by matrix consisting of collagen and proteoglycans, it 
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seems obvious that enzymatic digestion of those specific molecules by collagenase and 
hyaluronidase would be required to free to them. 

• Only migratory cells can be isolated from the explants by method of Purchio. 

• FACS analysis of cells of the invention of Weiss et al., are 100% vimentin positive (data 
not shown). Vimentin- positive cells are only found in specific regions of the cord 
matrix which is lost by the method of Purchio wherein the amnion and vessels are 
stripped and only the component of umbilical cord matrix consisting of Wharton's jelly 
is cultured. 

9. The data in paragraph 5 also demonstrates that the cell population obtained by the 
process of enzymatic dispersion and passaging is substantially different from the cell population 
obtained by the method of Purchio et al In Purchio et ah, the Wharton's jelly is cultured as 
follows: 

Wharton's jelly is collected from the umbilical cord under sterile conditions by any 
appropriate method known in the art. For example, the cord is cut transversely with a 
scalpel, for example, into approximately one inch sections, and each section transferred 
to a sterile container, such as a 50 ml centrifuge tube, containing a sufficient volume of 
phosphate buffered saline (PBS) containing CaCl 2 (0.1 g/1) and MgCb6 H 2 0 (0.1 g/l) 
to allow surface blood to be removed from the section upon gentle agitation. The 
section is then removed to a sterile-surface where the outer layer or "casing" of the 
section is sliced open along the cord's longitudinal axis. Wharton's jelly is typically 
located between the three blood vessels of the umbilical cord. The blood vessels and 
casing are dissected away, for example, with sterile forceps and dissection scissors, and 
the Wharton's jelly is collected and placed in a sterile container, such as a 100 mm TC- 
treated Petri dish. The Wharton's jelly may then be cut into smaller sections, such as 2- 
3 mm 3 , for culturing. 

Purchio, Column 11, lines 8-25. Thus, in Purchio et al., a section of Wharton's jelly is removed 
from the umbilical cord and cultured. As shown in Table 2, this process results in a 
substantially different cell population than is produced by the claimed method. In total, the 
percentage of cells expressing of four of the eleven cell markers is significantly different 
between the two populations. Purchio prechondrocytes and Weiss-UCMSC were analyzed by 
FACS at P4 for eleven cell surface markers (Table 2). The matrix receptors, CD44 and CD 105, 
both important for differentiation of MSC, are expressed at significantly higher levels in Weiss- 
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UCMSC than in Purchio prechondrocytes. In addition, CD 1 33, an endothelial precursor marker 
that is observed in some MSCs, is expressed at higher levels in Weiss-UCMSC although overall 
expression is still low (2.7%). CD146, a pericyte marker that has recently been identified in 
many tissue-specific MSC, is expressed at higher levels in Purchio prechondrocytes than in 
Weiss-UCMSC (61.5% vs 16.9%, respectively). 

10. There is a striking difference in morphology of the cells obtained by the method of 
Purchio et al, and Weiss et al., in high density cultures although the cellular morphology is 
similar at low density (Figures 3, 4). In addition to differences in the cellular moiphology 
between Weiss-UCMSC which are rounded spindle-shaped cells compared to the thin, elongated 
shape observed for the majority of Purchio prechondrocytes at high density, the overall 
appearance and organization of the cells is also veiy different (Figure 3, 4). The Weiss-UCMSC 
form embryoid body-like structures when approaching confluence (Figure 2). Similar structures 
have not been observed in cultures of Purchio prechondrocytes which become aligned and tightly 
packed with some regions showing an interwoven appearance (Figure 4). 




Figure 3: Weiss-UCMSC P4 at left) low density, center) higher density and right) 
overconfluence. Note the spindle-shaped myofibroblast-like morphology of the UCMSC and the 
formation of embryoid body-like colonies at higher culture densities. 
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Figure 4: Purchio P4 prechondrocytes at left) low density, center) higher density and right) 
overconfluence. Note the spindle-shaped myofibroblast-like morphology of the prechondrocytes 
that is similar to UCMSC at low density. In contrast the high density cultures show cells with 
strikingly different morphology than UCMSC high density cultures. Most notable is the absence 
of embryoid body-like colonies and the "woven" highly organized appearance of the high 
density prechondrocyte cultures. 



11 , There is also a substantial difference in the ability of the Purchio cells to differentiate as 
opposed to the Weiss-UCMSC, To determine if the Purchio prechondrocytes are multipotential 
and can differentiate across cell lineages, they were treated with a neuronal induction protocol 
shown to induce neuronal differentiation of Weiss-UCMSC. Both Purchio prechondrocytes and 
Weiss-UCMSC were also treated with adipocyte, chondrogenic and osteogenic induction 
medium to show mesodermal lineage potential. Purchio prechondrocytes were not capable of 
neuronal differentiation when treated by the method of Woodbury et at., (2000) which was 
demonstrated to differentiate Weiss-UCMSC into neuronal phenotypes (Mitchell et al, 2003). 
Figure 5 shows the Purchio prechondrocytes and Weiss-UCMSC treated with neuronal induction 
Adipogenic, chondrogenic and osteogenic differentiation of Weiss-UCMSC and Purchio 
prechoondrocytes are shown in Figure 6* Both Weiss-UCMSC and Purchio prechondrocytes can 
differentiate into mesodermal lineage cells, while only Weiss-UCMSC can differentiate into 
neuronal cells of ectodermal lineage. This suggests that Weiss WJC are pluripotent while 
Purchio prechondrocytes clearly are not. 
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Purchio Weiss 




Figure 5: Neuronal induction of Purchio prechondrocytes and Weiss-UCMSC. Purchio 
prechondrocytes do not display a neuronal morphology (left panels) as is observed for the 
neuronally induced Weiss-UCMSC (right panels) which show dendrite and axon-like processes 
and the formation of primitive networks reminiscent of cultures of primary neurons. In contrast 
the Purchio prechondrocytes display a morphology that is unchanged from the cells grown in the 
Purchio expansion medium (Figure 4). 



-10- 



PATENT 

Attorney Docket No. KSURF-08401 



Weiss 




Adipogenic Chondrogenic Osteogenic 




Figure 6: Adipogenic, chondrogenic and osteogenic differentiation of Weiss-UCMSC and 
adipogenic and osteogenic Purchio prechoondrocytes (arrows indicate lipid droplet containing 
round adipocyte-like cells in the Purchio adipogenic differentiation and mineralization in the 
osteogenic differentiation medium). 

12. In the Office Action, the Examiner states that the specification does not provide guidance 
for an enabled use of a heterogenous cell populations. I respectfully disagree. Examples 8 and 9 
in the specification show the use of a heterogenous cell populations comprising UCMS stem 
cells in a rat Parkinson's disease model. 

13. In the Office Action v the Examiner states that there is no guidance in the working 
examples with regard to the particular identifying characteristics of a UCMS cell, only to a 
population of cells which comprise UCMS cells. A person of ordinary skill in the art would 
recognize that the specification teaches a method to obtain the populations of cells used in the 
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working examples, such as Examples 7 and 8. A person of skill in the art could obtain these 
populations of cells as described and use them in the described method. Additional examples of 
using the populations of cells described by the method of this application have been published 
recently and show that said cells have a significant protective effect in whole brain ischemia 
(Jomura et al. 2006, Hirko et aL, 2008). This provides further evidence that a person of skill in 
the art could obtain these populations of cells as described and use them in the described method. 
Accordingly, a person of skill in the art would conclude that we had possession of the claimed 
invention because the population of cells can be obtained as described in the specification and 
used as described. The person of skill in the art would further recognize that the cells obtained 
by the process will have the characteristics the population as described in the specification. 

14. I further declare that all statement made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under section 1001 of title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 

1 5. The following references are attached: 
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Tab 1. Hirico, A., R. Dailasen, S, Jomura, Y. Xu (2008) Modulation of inflammatory responses after global 
ischemia by transplanted umbilical cord matrix stem cells. Stem Cells Express, published online August 21, 
2008; doi;10.1634/stemcells 

Tab 2. Jomura, S., C. Bode, M. Uy, K.E. Mitchell, It Dailasen, Y. Xu. (2007) Potential fc*a&rient of 
cerebral global ischemia with Oct-4+ umbilical cord matrix stem cells. Stem Cells, 25 (t), 98-106. 

Tab 3. Mitchell, KJE, (2005) "Umbilical Cord Stem Cells", Stem Cells in Endocrinolog y. Humana Press, 
Editor, Linda Lester, pp 49-66 
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Stem Cells Express, published online August 21, 2008; doi:10.1634/stemce!ls.2008-0075 

Stem Cells® 

Modulation of Inflammatory Responses after Global Ischemia by 
Transplanted Umbilical-Cord Matrix Stem Cells 

Aaron Hirko 1 , Renee Dallasen\ Sachiko Jomura, ,,& Yan Xu 1,2,3 * 

Departments of 'Anesthesiology, Pharmacology, and 3 Structural Biology, University of Pittsburgh 
School of Medicine, Pittsburgh, PA 1 5260 

Key words. Umbilical cord matrix stem cells • Stroke • Reactive astrocytosis • Microglia* Vimentin • Nestin • Stem cells 



Abstract 

Rat umbilical cord matrix (RUCM) cells are stem-cell- 
like cells and have been shown to reduce neuronal loss 
in the selectively vulnerable brain regions after cardiac 
arrest (CA). Here, we investigate whether this 
protection is mediated by the RUCM cells* modulation 
of the post-ischemia inflammation responses, which 
have long been implicated as a secondary mechanism 
of injury following ischemia. Brain sections were 
examined immunohistochemicaliy for GFAP, vimentin, 
and nestin as markers for astroglia and reactive 
astrogliosis, Ricinus Communis Agglurinin-1 (RCA-1) 
as a marker for microglia, and KJ67 as a marker for 
cell proliferation. Rats were randomly assigned to six 
experimental groups: (1) 8-min CA without treatment, 
(2) 8-min CA pretreated with culture medium 
injection, (3) 8-min CA pretreated with RUCM cells, 
(4) sham-operated CA, (S) medium injection without 
CA, and (6) RUCM cell transplantation without CA. 
Groups 1-3 have significantly higher K\6T cell counts 



and higher GFAP* immunoreactivity in the 
hippocampal CA1 region compared to groups 4-6, 
irrespective of treatment Groups 1 and 2 have highly 
elevated GFAP*, vimentin*, and nestin* 
immunoreactivity, indicating reactive astrogliosis. 
Strikingly, RUCM cell treatment nearly completely 
inhibited the appearance of vimentin* and greatly 
reduced nestin* reactive astrocytes. RUCM cell 
treatment also greatly reduced RCA-1 expression, 
which is found to strongly correlate with the neuronal 
loss in the CA1 region. Our study indicates that 
treatment with stem-celt-like RUCM cells modulates 
the inflammatory response to global ischemia and 
renders neuronal protection by preventing permanent 
damage to the selectively vulnerable astrocytes in the 
CA1 region. 



Cerebral global ischemia secondary to cardiac 
arrest (CA) causes oxygen and glucose 
deprivation in the brain, leading to brain damage 
or death unless cerebral blood flow is restored 
immediately. Ischemic brain injury is 
characterized by a delayed selective loss of 
vulnerable CA1 pyramidal neurons in the 



hippocampus. Post ischemic inflammatory 
response is thought to be a major contributor to 
the delayed neuronal loss following ischemia [1, 
2] and involves both reactive astrocytosis and 
microgliosis in and around the damaged area of 
the brain [3, 4]. 

The process of reactive astrocytosis consists of 
hyperplasia and hypertrophy of astrocytes along 
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with the concomitant up-regulation of 
intermediate filaments such as glial fibrillary 
acidic protein (GFAP), vimentin (VIM), and the 
re-expression of nestin (NES) [5]. Acutely 
reactive astrocytosis appears to be 
neuroprotective [6]. At later time points, 
however, the reactive astrocytosis and the 
resulting glial scarring have been shown to cause 
a physical and biochemical barrier to axonal 
regeneration and synaptogenesis, hindering 
neuronal repair and recovery [7]. 

The process of microgliosis involves the 
activation of resident microglia along with the 
recruitment of peripheral macrophages in and 
around the ischemia-damaged areas where these 
cells serve as scavengers for clearing the cellular 
debris. They can also secrete a variety of 
cytotoxic and protective chemicals [8]. A 
number of studies, with treatment strategies 
aimed at reducing microglial activation, have 
shown to reduce neuronal damages after the 
treatment [9-12]. On the contrary, others have 
shown that microglia may actually play a 
protective role after ischemia [13-15]. 

We have recently demonstrated that 
transplantation of rat umbilical-cord matrix 
(RUCM) cells can provide partial protection 
against neuronal injury after global ischemia 
[16], These cells, derived from the Wharton's 
jelly of the umbilical cord, are primitive stem- 
cell-like cells [17]. They are positive for several 
important stem cell markers, particularly Oct-4, 
can be expanded far beyond the Hayflick limit in 
culture, and can be induced to differentiate into 
several cell types [17, 18]. Rats treated with 
RUCM cells three days prior to an 8-min CA had 
only 25-32% neuronal loss in the hippocampal 
CA1 region compared to the typical 50-68% 
neuronal loss observed in the untreated or the 
vehicle-treated animals. Transdifferentiation and 
stem cell fusion with the host cells were ruled 
out as the predominating mechanisms for the 
protection. Other mechanisms, including 
extracellular signaling, were suggested. Given 
the fact that inflammatory responses may play a 
defining role in the delayed neuronal damage, 



this study aims at examining the mitigating 
effects of the stem-cell-like RUCM cells on the 
post-ischemia inflammatory response as a 
possible mechanism of neuroprotection. 




Animal Groups 

All animal protocols were approved by the 
Institutional Animal Care and Use Committee of 
the University of Pittsburgh. Paraffin-embedded 
brain tissues, randomly selected from four 
experimental groups in the previously reported 
studies [16] and two additional groups added for 
this investigation, were combined and examined. | 
The six experimental groups are: (1) 8-min | 
cardiac arrest alone (CA only, n - 6); (2) | 
microinjection of the defined media (DM) at four f 
unilateral locations, as detailed previously [16], •* 
followed three days later by an 8-min cardiac | 
arrest (DM + CA, n = 7); (3) transplantation of 
stem-cell-like RUCM cells at the same four p> 
unilateral locations followed three days later by §* 
an 8-min cardiac arrest (RUCM ■+ C A, n = 6); (4) | 
sham-operated cardiac arrest without g 
pretreatment (sham, n = 4), (5) microinjection of £ 
defined media unilaterally at the same four 9 
locations without cardiac arrest (DM only, n = 5 
4), and (6) transplantation of RUCM unilaterally | 
at the same four locations without cardiac arrest § 
(RUCM only, n ■ 5). The DM is composed of ? 
the Dulbecco modified Eagle's medium §* 
(Invitrogen, Carlsbad, CA) and MCDB-201 £ 
medium (Sigma-Aldrich, St. Louis, MO) g 
supplemented with Ix insulin-transferrin- « 
selenium (Invitrogen), 2% fetal bovine serum 
(BD Biosciences, San Jose, CA), 0.1 nM 
dexaraethasone (Sigma-Aldrich), 0.15% lipid- 
rich bovine serum albumin (Albumax from 
Invitrogen), 10 \iM ascorbic acid-2-phosphate 
(Sigma-Aldrich), 1 x penicillin/streptomycin 
(Thermo-Fisher, Suwanee, GA). 

Cardiac Arrest and Resuscitation 

CA and resuscitation were performed as 
described before [16, 19-22]. Briefly, male 
Sprague-Dawley rats weighing 234 ± 27 g 
(Harlan Sprague Dawley, Inc., Indianapolis, IN) 



2 



were subjected to a clinically relevant outcome 
model of CA. Under isoflurane anesthesia, rats 
were intubated orotracheal ly, mechanically 
ventilated, and paralyzed with pancuronium 
bromide (2 rng/kg), CA was induced by an i.v. 
bolus injection of an ultra-short-acting pi- 
blocker, esmolol (6.25 mg), along with the 
stoppage of mechanical ventilation. 
Resuscitation was started either immediately 
(sham) or after 8 minutes by 100% O* 
ventilation along with a retrograde infusion of 
oxygenated blood mixed with resuscitation 
mixture containing heparin (5 U/ml), sodium 
bicarbonate (0.05 mEq/ml), and epinephrine (8 
^g/ml). 

RUCM cell transplantation 

As characterized in detail previously [16], 
RUCM cells were cultured and confirmed to be 
Oct-4 positive. Multiple lines of experimental 
evidence, including immunohistochemistry, flow 
cytometry, transcript analysis, and karotype 
stability beyond Hayflick limit, support the 
notion that these cells are stem-cell-iike cells 
(meaning that they show some characteristics of 
stem cells). Three days prior to CA, 
approximately 4 x 10 [4] RUCM cells in 10 }*L 
(2.5 jiL at each site) were injected at the 
following four sites in the left hemisphere: dorsal 
thalamic nucleus, dorsal hippocampus, corpus 
callosum (CC), and dorsal cortex. As controls, 
defined medium was injected in the exact same 
manner at the same four locations. 

Tissue Preparation 

Ten days after RUCM cell or DM infection and 
seven days after CA and resuscitation, rats were 
anesthetized with isoflurane and perfused with 
buffered 10% formalin phosphate. The brain was 
extracted from the skull and stored in buffered 
10% formalin for 48 hours. The brain section 
containing the dorsal hippocampal region was 
embedded in paraffin and sliced into 6-jim-thick 
coronal sections using an American Optical 
model 820 microtome. Approximently 40 
sections were collected from the region between 
-3.5 and -3.75 mm from the bregma. Two 
sections spaced apart by a section were randomly 



selected for each type of staining. Another two 
sections, approximately 15 sections posterior to 
the first two, were also selected for each 
staining. 

Immunostaining 

Sections were deparaffinized, rehydrated, and 
then boiled in 10 mM sodium citrate (pH « 6.0) 
for antigen retrieval. Standard 
immunohistochemistry techniques were used. 
The primary antibodies were incubated overnight 
at 4°C using mouse anti-GFAP (1:200) from 
Neuromics (Edina, MN); rabbit anti-vimentin 
(1:200), rabbit anti-Ki67 (1:100), and goat anti- 
Ibal (1:50) from Abeam (Cambridge, MA); and | 
biotinylated RCA-1 (1:2000) from Vector | 
Laboratories (Burlingame, CA). Secondary | 
antibodies used in the study were Alexa Fluor * 
594 goat anti-mouse IgG 2a (1:500), Alexa Fluor s 
488 goat anti-mouse IgGi (1:500), and Alexa | 
Fluor 488 goat anti-rabbit IgG (1:500) from g 
Ihvitrogen; Cy3 goat anti-rabbit (1:250) from i 
Jackson Immunoresearch (West Grove, PA); and £ 
biotinylated goat anti-rabbit (1:500) from Dako 8 
(Glostrup, Denmark). For diaminobenzidine ^ 
(DAB) staining, sections were incubated with p 
ExtrAvidin peroxidase (HRP) conjugate § 
(1:1,000; Sigma-Aldrich). Tissues labeled with | 
HRP were developed with a solution of 0.67 | 
mg/mi DAB (Sigma-Aldrich) and 0.13 nl of § 
30% H 2 0 2 per mL of PBS [23], DAB-stained o 
slides were then dehydrated and cleared in | 
xylene and coverslipped with Eukitt mounting 2> 
medium (EMS, Hatfield, PA). For fluorescence £ 
imaging, nuclear DNA was stained with 4'-6- 1 
diamidino-2-phenylindole (DAPI) 1 ng/mL in 
PBS (Sigma-Aldrich) and coverslipped using 
Fluoromount-G (Southern Biotech, Birmingham, 
AL). 

Images were acquired using the In Vivo 3.2 
software (Media Cybernetics, Bethesda, MD) 
driving an Olympus 1X81 microscope (Tokyo, 
Japan) with a Prior motorized stage, a Sutter 
Lambda xenon exciter light source, an Olympus 
disc-scanning unit (DSU), and captured with an 
ORCA-ER (Hamamatsu, Japan) digital camera. 
All images were post-processed and analyzed in 
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a blinded manner (i.e., investigators were 
unaware of the group identities) using Image-Pro 
AMS (Media Cybernetics). Percent positive area 
stained for GFAP, NES, and RCA-1 in the CAJ 
regions were analyzed by thresholding 
segmentation. The CA1 regions of interest were 
defined by closely outlining the cell layer as 
determined by using the DAPI nuclear staining 
(see online supplementary materials). The same 
regions used for determining the percent positive 
areas were used for cell counts. GFAP + cell 
density was also calculated by counting all 
GFAP* cell soma (defined as an area of GFAP* 
immunoreactivity clearly in association with a 
nuclear stain, see online supplementary 
materials) in the image plane of the CA1 
pyramidal cell layer, normalized by the area 
within which the counting was performed. 
Vimentin was analyzed by counting VIM* cells 
within the CA1 region of the hippocampus. Ki67 
was analyzed by counting KJ67* cells in four 
pre-determined, non-overlapping, equally 
spaced, 0.15 mm 2 circles on each side of the 
hippocampus. 

Data Analysis 

Statistical analysis was performed using 
SigmaStat software (Systat Software, Inc, San 
Jose, CA) and GraphPad PRISM (GraphPad 
Software, Inc., San Diego, CA). Three-way 
ANOVA was performed using brain side 
(injected and contralateral), cardiac arrest (with 
and without), and treatment type (none, DM, or 
RUCM) as group identifiers (categorical 
factors). When a significant result was detected 
with ANOVA, a post hoc Holm-Sidak test was 
used for pair-wise comparisons. The results are 
reported as mean ± SEM, and a p value of < 0.05 
was considered significant. 



Glial fibrillary acidic protein immunostaining 

Upregulation of the type 3 intermediate filament 
protein GFAP along with hyperplasia and 
hypertrophy of astrocytes are the hallmarks of 
astrocytosis in response to insults on the central 
nervous system [24]. Fluorescent 



immunostaining for GFAP was used to examine 
if pretreatment with stem-cell-like RUCM cells 
had any effect on astrocytosis in response to an 
8-min cardiac arrest. Immunostaining revealed a 
significant increase in GFAP staining in the CA1 
region of the hippocampus for all animals 
subjected to 8 min of cardiac arrest (Figure 1). 
At higher magnification, this increase appeared 
to be due to an increase both in the number of 
astrocytes and in the thickness as well as the 
number of GFAP* processes, commonly seen 
with reactive astrogliosis (Figure 2). Semi- 
quantitative analysis of the percent GFAP* area 
and semi-quantitative cell counting in the CA1 
region supported our initial observation, 
revealing that the contralateral and ipsilateral 
(injection) sides of the CA1 regions had, 
respectively, 17.9 ± 3.8 % and 18.3 ± 3.5 %, and 
328 ± 33 and 323 ± 24 cells/mm 2 for Group 1 
(CA only); 15.2 ± 1.5 % and 15.8 ± 1.6 %, and 
287 ± 10 and 317 ± 19 cells/mm 2 for Group 2 
(DM + CA); 12.0 ± 3.2 % and 13.1 ± 2.3 %, and 
348 ± 35 and 329 ± 41 cells/mm 2 for Group 3 
(RUCM 4- CA); 1 .8 ± 0.4 % and 1.7 ± OA %, and 
163 ± 10 and 147 ± 13 cells/mm 2 for Group 4 
(sham); 3.4 ± 0.4 % and 4.1 ± 0.8 %, 147 ± 17 
and 147 ± 15 cells/mm 2 for Group 5 (DM only); 
and 4.3 ± 0.6 % and 4.5 ± 1.1 %, and 186 ± 22 
and 192 db 34 cells/mm 2 for Group 6 (RUCM 
only). On average, the percent GFAP* areas are 
about 3-4 times higher in the CA groups than in 
the non-CA groups, whereas the GFAP* cell 
densities increased only by a factor of -2 in the 
CA groups compared to the non-CA groups 
(Figure 1). This suggests that the additional 
percentage increases in the positive GFAP 
staining areas are due to thicker and more 
numerous astrocytic processes. 

Vimentin immunostaining 

Vimentin is another type 3 intermediate filament 
protein that is usually upregulated during 
reactive astrocytosis [24]. Vimentin is also 
expressed in radial glia and neural precursor 
cells. In our study, animals not subjected to 
cardiac arrest (Groups 4-6) appear to have little 
VIM staining; the trace amount appears to be 
associated with the injection needle tract in the 
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CA1 region on the injection side. Three-way 
ANOVA showed that cardiac arrest (P < 0.001), 
and different injection treatments (no injection, 
DM injection, and RUCM cell transplantation; P 
■ 0.002) as categorical factors were significant 
sources of variation. Brain side was found not to 
be a significant source of variation (P = 0.6£3). 
A significant interaction between cardiac arrest 
and injection treatment was detected (P * 0.001). 
Holm-Sidak post hoc comparisons revealed that 
among the animals subjected to 8-min CA, 
Group 1 (CA only) was significantly different 
from Group 3 (RUCM + CA) (P < 0.05), and 
Group 2 (DM + CA) was also significantly 
different from Group 3 (P < 0.001). No 
differences were detected between Groups 1 and 
2, or among Groups 4 (Sham), 5 (DM only), and 
6 (RUCM only). In Group 1 (C A. only), the 
VIM* cell counts are 90 ± 15 and 94 ± 17 per 
CA1 section on the injection side and 
contralateral side, respectively. In Group 2 (DM 
+ CA), the range of VIM 4 cell counts is not 
significantly different from Group 1, being 126 ± 
28 and 107 ± 34 on the injection side and 
contralateral side, respectively. While the total 
number of VIM* cells is significantly less than 
the number GFAP* cells in the same CA1 area, 
all VIM 4 cells in the CAl region seem to always 
co-localize with GFAP + cells (Figure 1). The 
most striking and interesting finding is that the 
animals in Group 3, which received stem-cell- 
like RUCM cell transplantation 3 days before 
cardiac arrest, show a greatly reduced amount of 
VIM* cells in the hippocampal CA1 regions. On 
the injection side, CA1 VIM* cell counts for 
Group 3 ranged from 7 to 62 (23 ± 8). Most of 
these cells appeared to associate with the damage 
along the needle tract. On the contralateral side, 
two animals in Group 3 has no detectable VIM* 
cells in the CAl region, three had counts ranging 
from 2 to 6, and only one animal had a count of 
13 ±10 on the different sections analyzed. All 
VIM* cells had the typical star shape associated 
with astrocytes (data not shown). 

Nestin immunostaining 

Nestin is a type 4 intermediate filament that is 
usually expressed in neural precursors and can 



also be reactivated in the reactive astrocytes. We 
observed from our immunostaining that Group 1 
(CA only) and Group 2 (DM + CA) had high 
levels of NES* immunoreactivity on both the 
contralateral (Figure 3) and the injection sides in 
the hippocampal CAl regions. Again, cardiac 
arrest and injection treatment as categorical 
factors were found to be a significant sources of 
variation (P < 0.001, and P - 0.012 respectively). 
A significant interaction between CA and 
injection treatment was detected (P < 0.01). 
Brain side was not a source of significant 
variation (P ■« 0.93). Post hoc analysis revealed 
significant differences between Groups 2 (DM + 
CA) and 3 (RUCM + CA) (P - 0.003). The 
percentage of positive NES staining area in the 
CAl region in Group 1 (CA only) is 3.8 ± 1.0 % 
and 4.4 ± 1.1 % on the contralateral and injection 
side, respectively, and 6.7 ± 2.1 1 % and 7.1 ± 1.8 
%, respectively, in Group 2 (DM + CA). In 
Group 3 with RUCM cell treatment, animals had 
significantly less NES* immunoreactivity (2.1 ± 
0.8 % on the contralateral side and 1.5 ± 0.7 % 
on the injection side). The NES* cells have the 
typical star-like morphology (data not shown). 

Microglia Response in the CAl 

Microglia are the key regulators of the 
inflammatory response in the central nervous 
system. In response to insults and injuries, 
microglia become activated and change their 
morphology and function from a resting ramified 
state to an activated phagocytic state. We used a 
lectin stain (Ricinus Communis Agglutinin 1, 
RCA-1) to visualize the microglia response in 
the CAl region of the hippocampus in our study. 
The animals not subjected to 8-min cardiac arrest 
(Groups 4-6) were virtually devoid of RCA-1* 
staining (Figure 4). Group 1 (CA only) and 
Group 2 (DM + CA) had numerous RCA-1* 
cells dispersed throughout the CAl regions with 
the morphology of the activated, phagocytic 
type. Subjecting the animals to 8-min CA was a 
significant source of variation (P < 0.00 1), so 
were the different injection treatments (P < 
0.001). Brain side was again not a significant 
source of variation (P = 0.883). The interaction 
between the injection treatment and CA was 



highly significant (P < 0.001). Semi-quantitative 
analysis revealed that Group 1 had 17.8 ± 0.9 % 
and 16.0 ± 1.2 % RCA-1* areas for the injection 
and contralateral CA1 regions, respectively. 
Group 2 had 14.0 ± 2.1 % and 16.1 ± 1.8 % 
RCA-1* areas, respectively. Group 3 appeared to 
have less RCA-1* immunoactivity that was 
distributed in tight clusters in the CA1 region 
(7.1 db 2.0 % and 6.1 ± 1.5 % RCA-1* areas in 
the injection and contralateral CA1 regions, 
respectively) and are significantly different from 
both Groups 1 and 2 (P < 0.001, Holm-Sidak 
post hoc test between Groups 1 and 3 or Groups 
2 and 3). Direct counting of microglia proves to 
be difficult because even at high magnifications 
it is nearly impossible to determine where one 
cell ends and another begins especially where 
they form compound granular corpuscles. 

Cell Proliferation 

Proliferation of microglia and astrocytes is 
another hallmark of the inflammatory response 
to ischemia in the brain. Ki67 is a nuclear 
protein found in cells that are in all phases of the 
active cell cycle. We used Ki67 
immunohistochemistry to examine if stem-cell- 
like RUCM cell treatment has a measurable 
effect on the increase in cell proliferation 
associated with the inflammatory response to 
ischemia. We observed an increase in the 
number of Ki67 + cells in the CA1 region for all 
8-min CA groups (Figure 5). Haying or not 
having a cardiac arrest was found to be the major 
source of variation (P < 0.001). There were no 
other significant sources of variation or 
interactions detected.. 

To determine what cell types were involved in 
proliferation, we performed double 
iramunolabeling studies for Ki67 along with 
GFAP or the microglia marker Iba-l in Group 2 
(DM + CA) and Group 3 (RUCM + CA). High- 
magnification DSU confocal microscopy 
revealed that both microglia (Figure 6 A) and 
astrocytes (Figure 6B) were involved in the 
proliferation. Semi-quantitative analysis showed 
no significant differences between Groups 2 and 



3 for the proportions of KJ67* cells that were 
microglia or astrocytes (data not shown). 




Our study used a pretreatment strategy to 
examine possible mechanisms of RUCM cell- 
mediated neuronal protection against global 
cerebral ischemia, allowing us to test the 
hypothesis that the transplanted cells can become 
activated by acute ischemia and improve the 
global histological outcome without evoking 
transdifferentiation or cell fusion as the 
predominant modes of protection. Although 
posttreatment is currently the most desirable 
modality in many clinical situations, 
pretreatment strategies are also highly clinically 
relevant, especially considering the rapid 
advancement in early diagnosis and preventative 
medicine and the development of state-of-the-art 
surgical interventions. For example, in a number 
of advanced surgical procedures, such as 
implantation of automatic internal defibrillators, 
pediatric surgeries for repairing complex 
congenital malformations [25], adult cardiac 
surgeries involving the aortic arch [26, 27], and 
neurosurgeries for the repair of intracranial 
aneurysms [23, 28], controlled circulatory arrests 
resulting in cerebral global ischemia are often 
necessary. Developing pretreatment strategies 
aimed at reducing neurological complications is 
essential for the future advancement of these and 
other novel medical procedures. 

The 8-min global cerebral ischemia performed in 
this experiment resulted in a 51.7 ± 8.7% 
(injection side) and 50.2 ± 7.8 % (contralateral 
side) loss of CAt neurons in Group 1 (CA only), 
and a 70.4 ± 6.9% (injection side) and 62.1 ± 8.2 
% (contralateral side) loss of CA1 neurons in 
Group 2 (DM + CA) [16]. Pretreatment with 
stem-cell-like RUCM cells (Group 3) led to 
significant protection, cutting neuronal loss by at 
least 50% to 33.8 ± 2,7 % (injection side) and 
24.3 ± 4.2 % (contralateral side). 

Examination of the brain tissues revealed similar 
results for the degree of GFAP* reactive 



astrocytes and the amount of cell proliferation 
(as determined by Ki67 staining) for all 8-min 
CA groups (Groups 1-3). Although the neuronal 
loss from the global cerebral ischemia is not 
completely prevented, bur study indicates that 
treatment with stem-cell-like RUCM cells 
greatly reduces the appearance of the activated 
microglia and the VMvfVNES* reactive 
astrocytes in the hippocampal CAl region in 
these rats. These reductions are strongly 
correlated with the reduction of neuronal loss in 
the same region. As shown in Figure 7, both 
VIM* cell counts and percent RCA-1* area are 
correlated with the percentage of damaged 
pyramidal neurons in the CAl region, with 
correlation coefficients of 0.93 and 0.87, 
respectively. 

Previous reports have shown that increases in 
GFAP correlates well with neuronal death 
following injury [29, 30]. More recent studies 
have suggested the possibility that the increases 
in GFAP* astrocytic hypertrophy might be an 
astroglia reaction to ischemia and can actually 
have neuroprotective functions [3 1 -33] . 
Astrocytes can play a number of protective roles 
after ischemia, including the uptake and 
transport of glutamate and glucose, repair of the 
blood brain barrier, and the production and 
release of neurotrophic factors [34, 35]. Several 
studies demonstrating protection against 
ischemia-induced injuries by compounds 
targeting the inflammatory response to ischemia 
also show increases in GFAP immunostaining 
along with reductions in neuronal damage and 
microglia activation [11, 12, 36, 37], We 
observed similar GFAP immunoreactivity 
increases associated with the 8-min cardiac 
arrest. A lack of the concomitant increases in 
VIM and NES in animals pretreated with stem- 
cell-like RUCM cells could in fact suggest that 
RUCM cells might have immunomodulatory 
properties, thereby altering the resultant 
astrogliotic response to CA. Anti-inflammatory 
effects due to intravenous infusion of umbilical- 
cord-blood-derived cells after ischemia have 
been demonstrated recently [38]. It is possible 



that umbilical-cord-matrix-derived cells have 
similar properties. 

The lack of astroglial expression of VIM and 
significant reduction of NES in the RUCM cell- 
treated group may just be a sign of no or little 
permanent astroglial damage in these animals. It 
has been suggested [3] that the VIM* astroglia, 
but not GFAP* ones, correlate with permanent 
injury after ischemia. The re-expression of VIM 
and NES in reactive astrocytes is most 
commonly associated with a wide variety of 
brain injuries and always seen in the injured 
areas [3, 5, 29, 30, 39, 40]. The protection of 
astrocytes from permanent damage by stem-cell- 
like RUCM cells is consistent with and in 
support of the recent proposal [41] that the 
selective vulnerability of CAl neurons is due to 
the selective vulnerability of the CAl astrocytes. 
Stem-cell-like-cell protection of astroglial cells 
leads to the reduced long-term neuronal loss in 
the CAl region. 

Despite the strong correlations seen in Figure 7, 
the causal relationship between the presence of 
VIM re-expression and neural injury is, 
however, not clear. It has been suggested that 
VIM* astrocytes found in and around the injury 
are associated with hyperplasia and are 
representative of the newly formed immature 
astrocytes. Our data do not support this 
hypothesis because in the RUCM + CA group, 
while VIM 4 cells are almost absent, we do 
observe many GFAP + cells co-expressing KJ67 
(Figure 6B), suggesting that these cells are either 
newly divided or in the process of division. 

A recent study [4] suggested that VIM* 
astrocytes appeared to be correlated more with 
the cell migration than with cell proliferation. 
Reactive astrocytes expressing nestin have also 
been implicated in migration [42]. Re-expression 
of VIM in mature astrocytes may impart similar 
functions to them as radial glia [43]. Radial glia 
not only function as neural progenitors but also 
offer a scaffold to guide and support migrating 
neuroblasts. Supporting this is the observation 
[44] that the newly divided (BrdU*) progenitor 



cells were always found to be in close 
association with VIM 4 astrocytes, but not co- 
localized with them. The VIM expression 
observed in Group 1 (CA only) and Group 2 
(DM + CA) may be guiding the migration of 
neural precursors or microglia and macrophages 
to the site of lesion, and the stem-cell-like 
RUCM cell treatment (Group 3) prevents the 
damage or inflammation, thereby suppressing 
the signals for the cell migration. Our RCA-i 
staining seems to support this conclusion. 

Another possible explanation for the lack of 
VIM* and reduction in NES* reactive astrocytes 
is that the stem-cell-like RUCM cells release 
messenger molecules that inhibit the formation 
of glial scars. The Wharton's jelly, from which 
RUCM cells are isolated, has been shown to 
contain high concentrations of a wide variety of 
growth factors and cytokines [45]. V1M + and 
NES + reactive astrocytes are almost always 
reported to be in and around areas of glial 
scarring, and it has been demonstrated that glial 
scarring is an impediment to axonal regeneration 
post-injury [7, 46, 47]. The glial scar formation 
has been shown to be reduced or ablated when 
the expression of VIM is reduced by anti-sense 
expression or VIM and GFAP are eliminated in 
knock-out mice [48, 49]. It has also been shown 
[50] that the glial scar formation is modulated 
through the endothelin B receptor on reactive 
astrocytes. The expression of ehdotherlin B 
receptor in astrocytes has been shown to be 
dependent on both VIM and GFAP expression 
[51]. Therefore, it is possible that preventing 



VIM expression can result in the inhibition of 
glial scar formation, leading to the regeneration 
of axons for the survival of the CA1 neurons. 

It is clear from our GFAP immunostaining that 
treatment with stem-cell-like RUCM cells prior 
to cardiac arrest does not inhibit the reactive 
astrocytosis normally associated with cerebral 
ischemia. It does, however, prevent the 
appearance of VIM* reactive astrocytes and 
reduce NES* reactive astrocytes in the 
selectively vulnerable CA1 regions, suggesting 
the possibility that the stem-cell-like RUCM 
cells prevent permanent astroglial damage. The 
large reduction in microglial activation and 
altered distribution suggests that RUCM cell 
transplantation has immunomodulatory effects. 
Combined, stem-cell-like RUCM cells offer 
protection against neuronal injury after global 
cerebral ischemia by enhancing the survivability 
of the astroglia in the selectively vulnerable 
regions. 
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Figure 1. (A) Representative hippocampal CAt sections immunochemically stained for both GFAP 
and VIM immunoactivities. Horizontal bar represents 150 fim. (B) Bar graphs summarizing the 
percent GFAP* areas, GFAP + cells densities, and VIM* ceil counts in the contralateral and injection 
sides, averaged for each of the six experimental groups (see text for details). Pink, cyan, and yellow 
bars represent no pretreatment (or sham), DM injection, and RUCM cell transplantation, respectively. 
Notice the pronounced reduction in the appearance of VIM* astrocytes after 8-min cardiac arrest and 
7-day recovery in the animals treated with stem-cell-like RUCM cells. *, p < 0.05; **, p < 0.01. 



M CA 

DM + CA 
RUCM + CA 
Sham 
DM only 

RUCM only 



















■ HI B 






HH9HHB 








' ' • ' * ''GFAP 


«..(« . 


GFAP t 



B 




No Injection/Sham 
DM Injection 
□ RUCM Injected 



NoCA 



11 



Figure 2. GFAP (Ggreen) staining at the 20x magnification showing increased staining within the 
hippocampal CAI regions for all experimental groups with 8~min cardiac arrest. Notice the thicker and 
more numerous astrocytic processes. Blue color shows the nuclear stain for DAPI. 
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Figure 3. (A) Representative CA1 sections stained for Nestin. Astrocytes show Nestin* expression in 
rats that were subjected to 8-rain of cardiac arrest. Photomicrographs were obtained at 10* 
magnification. Bar represents 150 urn. (B) Bar graphs summarizing the percent Nestin* areas in the 
contralateral and injection sides averaged for each of the six experimental groups. Pink, cyan, and 
yellow bars represent no pretreatment (or sham), DM injection, and RUCM cell transplantation, 
respectively. Treatment with stem-cell-like RUCM cells 3 days before cardiac arrest greatly reduced 
the amount of nestin* astrocytes in the CA1 region of the hippocampus. ***, P = 0.003. 
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Figure 4. (A) Representative CA1 sections stained for microglia using RCA-1. Microglia appear as 
darkly stained cells while neurons appear as white spots. All rats subjected to 8-min cardiac arrest 
show the appearance of microglia. Photomicrographs were obtained at 10* magnification. Bar 
represents 150 fim. (B) Bar graphs summarizing the percent RCA-l* areas in the contralateral and 
injection sides, averaged for each of the six experimental groups. Pink, cyan, and yellow bars represent 
no pretreatment (or sham), DM injection, and RUCM cell transplantation, respectively. Pretreatment 
with stem-cell-like RUCM cells reduces the RCA-l* area and changes their distribution. ***, P < 
0.001. 
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Figure 5. (A) Representative sections in the CA1 region of the hippocampus stained for Ki67. 
Photomicrographs were obtained at 10* magnification. The scale bar represents 150 \im. (B) Bar 
graphs summarizing the Ki67 + cell counts in the contralateral and injection sides, averaged for each of 
the six experimental groups. Pink, cyan, and yellow bars represent no pretreatment (or sham), DM 
injection, and RUCM cell transplantation, respectively. Eight minute cardiac arrest, irrespective of 
treatment, increases the number of Ki67 ' cells. 



CA 



'V 1 



DM + CA 



RUCM + CA 



Sham 



DM only 



RUCM only 

B 



KI67 



150 

« 

2 ~ 
to c 

75 § 100 

1 O 

a ♦ 

I & 50- 
2 



1S0-I 



M No Injection/Sham 

DM Injection 
□ RUCM Injected 




NoCA 



15 



Figure 6. High-magnification (60*), maximum-intensity projection of 6-jim-thick image stacks 
showing co-localization of (A) IBA-l* microglia (red) expressing KLi67 (green) and (B) GFAP* 
astrocytes (green) expressing Ki67 (red) in the GA1 region of the-rat hippocampus after 8-min cardiac 
arrest and 7-day reperfusion. 
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Figure 7. Correlations between percentage of the hippocampal CA1 neuronal loss and (A) VINT cells 
or (B) activated microglia. Data are taken from the within-group averages from the contralateral (•) 
and injection (A) sides of the six experimental groups as detailed in the text. 
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Abstract 

Potential therapeutic effects of Oct-4-positive rat umbili- 
cal cord matrix (RUCM) cells in treating cerebral global 
ischemia were evaluated using a reproducible model of 
cardiac arrest (CA) and resuscitation in rats. Animals 
were randomly assigned to four groups: A, sham-oper- 
ated; B, 8~minutc CA without pretreatment; C, 8-minute 
CA pre treated with defined media; and D, 8-minute CA 
pretreated with Oct-4"* RUCM cells. Pretreatment was 
done 3 days before CA by 2.5-jaI microinjection of defined 
media or approximately 10 4 Oct-4* RUCM cells in left 
thalamic nucleus, hippocampus, corpus callosum, and 
cortex. Damage was assessed histologically 7 days after 
CA and was quantified by the percentage of injured 
neurons in hippocampal CA! regions. Little damage 



(approximately 3%-4%) was found in the sham group, 
whereas 50% -68% CAI pyramidal neurons were injured 
in groups B and C. Pretreatment with Oct-4* RUCM cells 
significantly (p < .001) reduced neuronal loss to 25%- 
32%. Although the transplanted cells were found to have 
survived in the brain with significant migration, few were 
found directly in CAI. Therefore, transdifferentiation 
and fusion with host cells cannot be the predominant 
mechanisms for the observed protection. The Oct-4* 
RUCM cells might repair nonfocal tissue damage by an 
extracellular signaling mechanism. Treating cerebral 
global ischemia with umbilical cord matrix cells seems 
promising and worthy of further investigation. STEM 

Cells 2Q07;25:m-m 



ll^ODUGTION 



Unless resuscitation is given immediately, cardiac arrest 
(CA) invariably leads to debilitating brain damage and death 
due to cessation of oxygen and glucose supply to the brain 
tissue, injury patterns after cerebral global ischemia arc char- 
acterized by the disseminated neuronal loss of the selectively 
vulnerable pyramidal neurons in the CAI and CA3 regions of 
the hippocampus, medium-sized neurons in the striatum, and 
Purkinje cells in cerebellum [1-4]. Even with a brief primary 
insult, the selectively vulnerable neurons die hours to days 
after the ischemia. For a long time, the secondary derange- 
ments were thought to be the direct consequence of excito- 
toxicity and energy failure. More recent investigations [1-3, 
5-8], however, suggest that treatment strategies aimed sim- 
ply at energy metabolism or excitotox icily would inevitably 
fail. Finding alternative strategics to rescue injured neurons 
from dying and to help uninjured neurons to survive has been 
the subject of intense investigations in recent years [9-11]. 
One of the possibilities is to promote neurogenesis from 
neural siem cells and progenitor cells in the adult brain 1 12]. 
It has been suggested that neurogenesis is enhanced by tran- 
sient brain ischemia [13-17], Moreover, neurotrophic factors 
are believed to play an important role in this mechanism. 
Levels of neurotrophic factors such as brain-derived neuro- 
trophic factor [18-20], fibroblast growth factor-2 [21], and 



erythropoietin [22] in the brain have been shown to increase 
after ischemic injury. These neurotrophic factors have also 
been used for experimental treatment of brain ischemia. 

Another way to promote neurogenesis and neuronal protec- 
tion is stem cell transplantation. Several attempts have been 
made to use stem cells from different origins [23], including 
bone marrow stem cells [24-26], neuroepithelical stem cells 
|27], fetal neural stem cells [28], and umbilical cord blood cclLs 
[29, 301, for treatment of focal ischemia. These studies showed 
the migration and differentiation of stem cells in relation to the 
functional recovery. Some recent studies even suggest that stem 
cell contributions to organ repair can arise from a circulating 
poo] of the adult bone marrow stromal stem cells because cells 
from the donor marrow can be found in the brain, liver, kidney, 
or lung [31-34]. The potential therapeutic application of stem 
cell factor to focal ischemia was also investigated [35 1. Very 
few studies to date, however, have focused on the use of stem 
cells for the treatment of global cerebral ischemia due to ihe 
dispersed nature of the damage. The possibility of treating 
cerebral global ischemia with exogenous stem cells has not yet 
been fully explored. 

In the present study, we combined the use of rat umbilical 
cord matrix (RUCM) cells and a clinically relevant outcome 
model of CA and resuscitation in rats [1, 2] to investigate the 
potential therapeutic effects of Oct-4* RUCM cells in mitigat- 
ing cerebral global ischemic damage afteT 8-minute normothcr- 
mic CA. 
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Materials and Methods 



Isolation and Culture of RUCM Cells 

RUCM cells wene isolated from the umbilical cords of female Spraguc- 
Dawley rais at 16-day gestation in accordance with a protocol approved 
by the Institutional Animal Care and Use Committee (IACUC) at 
University of Kansas (Lawrence, KS). The procedure is similar to that 
used for isolating porcine and human UCM cells [36]. Briefly, cords 
were washed in bctadine, rinsed in sterile phospr^e-buficred saline 
(PBS), incubated in hyaluronidasc (40 U/ml) (MP Biomedicals, Solon, 
OH, rutp:/Avww.mpbio.com) and collagcnase type 1 (0,4 nig/ml) (Sig- 
ma-Aldrich, St. Louis, http://www.$igrrtaaldrich.com) for 30 minutes at 
37°C and rinsed with sterile PBS. Cords were finely minced, plated in 
six-well plates, and maintained in defined media (DM), which are 
composed of Dulbecco's modified Eagle's medium (Invitrogen, 
Carlsbad. CA. http://wwwJnvitrogen.com) and MCDB-201 
medium (Sigrna-AJdrich) supplemented with IX insulin-trans- 
ferrin-selenium (Invitrogen), 0.15% lipid-rich bovine serum albu- 
min (Albumax; Invitrogen), 0.1 nM dexamcthasonc (Sigma- Al- 
drichX 10 jaM ascorbic acid-2-phosphate (Sigrna-Aldrich), IX 
penicillin/streptomycin (Thcrmo-Rshcr, Suwance, GA, httpt//ncw. 
fishersci.com), 2% fetal bovine serum (BD Biosciences. San Jose, 
CA, http^Avww .bdbiosciences.com), 10 ng/ml recombinant human 
epidermal growth factor, and 10 ng/ml rat platelet-derived growth 
factor BB (R&D Systems, Inc., Minneapolis, http://www.rndsys- 
tems.com) On day 5, cord remnants were removed, and the at- 
tached cells were washed three times with PBS, followed by addi- 
tion of fresh DM. Cells were passaged by lifting with 0,05% trypsin 
EDTA. Viable cells were counted with a hemocytometcr and trypan 
blue exclusion and usually reptatcd at an initial density of 30%. 
Cells were passaged when they reached 80% confluency. 

Flow Cytometry 

RUCM cells at 1 X If/ cells per milliliter were fixed with methanol 
at 4*C for S minutes and blocked with PBS and 5% bovine serum 
albumin at 4°C for I hour. Cells were incubated with mouse primary 
antibodies (1 txgfml) against Oct-4, smooth muscle actin (SMA), or 
vimemin (Chemicon international, Tcmccula. CA, hitp^/www. 
chemicon.com) at 4°C for I hour. Ceils were then washed three 
times with PBS and incubated with goat ami-mouse secondary 
FJTC conjugate (1:100; Invitrogen) for 30 minutes at 4*C There- 
after, cells were washed twice in PBS and analyzed using a FAC- 
SCalibur How cytometer (Beckman Coulter, FuMerton, CA, hUp-M 
www.beckmancoultcr.com). Ten-thousand cells (no gating) were 
collected and analyzed in the FLl channel. Control cells were 
incubated with mouse isotype-specttic immunoglobulin G to estab- 
lish tlte background signal. 

Reverse Transcription-Polymerase Chain 
Reaction Analyses 

RNA was isolated from cultured RUCM cells with RNeasy Quick 
spin columns (Qiagen Inc., Valencia, CA. http^/www Lqiagen.com) 
and converted to cDN A using random hexamers and Superscript 11 
reverse transcriptase (Invitrogen). Polymerase chain reaction (PCR) 
amplification was performed using a Bio-Rad 1-Cycler (Bio-Rad. 
Hercules; CA, http://www.bio-rad.com) for 35 cycles with the fol- 
lowing primer pairs: Oct-4, forward 5'-GAAGCATGTGGTC- 
CGAGTCT-3', reverse 5'-GTGAAGTGAGGGCTCCCATA-3' 
(expected product size of 183 base pair {bp]); virncntin, forward 
5'-ATGTCCACCACGTCCGTC-3\ reverse S'-TTATTCAAGGT- 
CATCGTG-3' (expected product size of 1 .4 kbp); and glyceralde- 
hyde-3-phosphate dehydrogenase (GAPDH. as a positive control), 
forward 5'-ATCTTCCAGGAGCGAGAT-3' and reverse 5'-TG- 
GTC ATG AGTCCTTCCACG AT A-3 ' (expected product size of 
300 bp). For negative control, PCR was performed in the presence 
of cDNA but without primers. Products were resolved by 2% 
agarose gei electrophoresis and visualized by elhidium bromide 
staining. 



Immunofluorescence 

RUCM cells from passage 10 were grown to 80% confluency in 
chamber slides. Cells were fixed with 4% r^iraformaldehyde for 10 
minutes at room temperature, quenched in 100 mM glycine for 5 
minutes, pcrmeabilized with 0.2% Triton X-100 for 5 minutes, and 
blocked in blocking buffer (0.2% Triton X-100, 2% normal goat 
scrum, 0.4% bovine serum albumin in PBS) for I hour. Cells were 
incubated with primary antibody for 1 hour (mouse monoclonal 
antibodies to Oct-4 and SMA, 1:100: Chemicon). Cells were 
washed three times with PBS and incubated with secondary anti- 
body (Alexa Fluor 546 donkey anti-mouse, 1 :200; Invitrogen) for I 
hour. Nuclear DNA was stained with SYTOX Blue nucleic acid 
stain (Invitrogen). For negative controls, cells were incubated with 
the labeled secondary antibodies and SYTOX Blue only. Images 
were obtained with a 510 Zeiss laser scanning microscope (Carl 
Zeiss. Jena, Germany, http://www.zeiss.com) under X63 oil-immer- 
sion lens. 

In Vivo Experimental Groups 

The CA and resuscitation procedures were approved by the IACUC 
at the University of Pittsburgh. Thirty-three male Sprague-Dawlcy 
rats (Harlan Sprague Dawiey, Inc., Indianapolis, http://www.hartan- 
.com), weighing 234 A 27 g, were used. Rats were randomized into 
four groups. In group A (sham-operated, n « 7). rats were subjected 
to the same surgical and CA and resuscitation procedures as detailed 
below but were resuscitated immediately after the induction of CA 
without asphyxia. In groups B (n ~ 9), C (n 9), and O {« « 8), 
rats underwent 8 minutes of CA, followed by rapid resuscitation. 
Rats in group C and group D were pretreated 3 days prior to CA 
with an intracranial microinjection of sterilized defined cell culture 
medium and RUCM cells, respectively, in all groups, the rat body 
temperature was measured by a rectal temperature probe and con- 
trolled to 36.5*C ± 0.5°C tluoughout the experiment using a heat- 
ing pad and warm light source. 

CA and Resuscitation 

Rats were prepared as described previously [1,2] with a few minor 
modifications. Under approximately 3% isoflurane anesthesia, rats 
wete quickly intubated orotracheaUy. After intubation, rats were 
mechanically ventilated with a 50:50 mixture of air and 0 2 . Anes- 
thesia was maintained with 1.5%-2% isoflurane, and paralysis was 
produced by pancuronium bromide (2 mg/kg). The arterial blood pH 
and gases were measured using a Qba-Corning blood gas analyzer 
(model 278; Bayer HealthCare, Tarrytown. NY. http'7/www,bayer- 
diag.com) or an i-STAT portable clinical analyzer (Abbott Labora- 
tories. Abbott Park, IL, http^/wwwabbottxora). Ventilation rate (1 
ml/100 g of body weight. 40-45 strokes per minute) and positive 
end-expiratory pressure were carefully adjusted to control the arte- 
rial blood gas values in the normal range before CA {1, 3, 8]. Both 
femoral arteries and the left femoral vein were cathetcrized. One of 
the arterial catheters was used for continuous monitoring and re- 
cording of arterial blood pressure and heart rate. The other was used 
for arterial blood sampling and later for retrograde infusion of 
oxygenated blood during resuscitation. Approximately 15 minutes 
before CA, ventilation was switched to 100% oxygen and approx- 
imately 5 minutes later, oxygenated blood was withdrawn from the 
same rat. To prevent spontaneous breathing during the asphyxial 
CA, a booster dose of short-acting muscle relaxant (vecuronium 
bromide, I mg/kg) was injected intravenously 3 minutes before CA. 
CA was induced by asphyxia (stoppage of mechanical ventilation) 
combined with an i.v. bolus injection of an ultra-short-acting 0,- 
blocker, esmoJoi (6.25 mg). The latter ensures a very tight control 
of the time from the onset of asphyxia to the electromechanical 
dissociation leading to circulatory arrest. Isoflurane anesthesia was 
discontinued during CA. Resuscitation was started 8 minutes after 
the induction of CA by 100% 0 2 ventilation along with retrograde 
infusion of oxygenated blood mixed with the resuscitation mixture 
containing heparin (5 U/mi), sodium bicarbonate {0.05 rnEq/nd), 
and epinephrine <8 jig/ml) through one of the cathetcrized femoral 
arteries into the abdominal and thoracic aorta. Infusion was per- 
formed manually to maintain the mean arterial blood pressure 
approximately 40 mmHg and was stopped at the first sign of 
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Cell Therapy of Cerebral Global Ischemia 




Figure 1. Anatomic references, (A): The microinjection sites, as marked by the gray dots, for rat umbilical cord matrix ceil transplantations. The 
stereotactic coordinates are 1 mm left and 2.1 mm posterior to the bregma and 1,5 mm (cortex). 2.6 mm (corpus cailosum), 3,5 mm (dorsal 
hippocampal region), and 5.0 mm (dorsal thalamic nucleus) from the top of ihe brain. (B): Crcsyi violet staining of a rat hrain section at the dorsal 
hippocampus level showing the predetermined areas (circles) in the CA 1 regions where neuronal counting was performed. Abbreviations: CC, corpus 
cailosum: DC. dentate gyrus: DV3, dorsal third ventricle; LV. lateral ventricle. 



restoration of spontaneous circulation (ROSC), The rats were con- 
tinually ventilated for at least 2 hours with anesthesia reinstated as 
required. Thereafter, arterial and venous catheters were surgically 
removed, and the wound was closed, Mechanical ventilation with 
air was continued until the effects of muscle relaxant subsided and 
sustained spontaneous breathing was observed. Animals were then 
cxtubated and returned to individual cages for posiresuscitation 
evaluation for 7 days. 

Stem Cell Transplantation 

RUCM cells were obtained and cultured in the same way as de- 
scribed above, To ensure that a clonal population of cells was 
transplanted, RUCM cells at passage 53 were plated in 96-well 
plates with cell densities approxirruuely I cell per well. After several 
days of culturing, cells from a single well were slowly expanded and 
harvested at passages 67, 69, 96, or 97 for transplantation. Chro- 
mosome analysis was done at passage 61 and 78 to confirm tliat 
cells from these passages have the same composite karyotype. 
Inwminohistostaimng and reverse transcription (RT)«PCR were re- 
peated to confirm that these cells remained OcM-posiiivc. Sixteen 
hours before transplantation, cells were labeled with 5 $iM green 
fluorescent carboxyfluorescein diacetate (CFDA) (Invitrogcn) for 
later histology tracking. Once inside the cells* the CFDA dye is 
converted to anionic CFDA succinimidyl ester (CFDA-SE) by 
intracellular esterases and couples to amine groups on proteins to 
achieve long-term intracellular labeling. Thus, after the acetate 
groups are cleaved off, CFDA-SE dye can be transferred to other (or 
daughter) cells only through cell division or cell fusion. 

Rats were anesthetized with tsoflurane and placed on a stereo- 
tactic apparatus for precise intracranial microinjection. Using pre- 
determined coordinates based on die Paxinos atlas [37J. the CFDA- 
labelcd RUCM cells were injected into the following four sites in 
the left hemisphere: dorsal thalamic nucleus (DTN), dorsal hip- 
pocampus (H) ( corpus cailosum (CC)* and dorsal cortex (Fig. 1A). 
Because injuries after global ischemia are disseminated, these sites 
are selected based either on their vulnerability to ischemia or on 
their ability to allow cell migration. Approximately 4 X 10 4 cells in 
10 pd (2.5 ul at each site) were transplanted at an infusion rate of 
0.1 pd/minute using a programmable infusion pump (model UMC4; 
World Precision Instruments, Inc., Sarasota, FU http;//www. 
wpiinc.com) and a Mity Flexfil-microsyringe (model 500,818; 
World precision Instruments, Inc.) with a 200-pm outer diameter 
flext-ttp titanium needle. After transplantation, the needle was left 
in the brain for an additional 15 minutes before removal. As a 
negative control of the transplantation procedure, rats in group C 
received microinjections of the same volume of DM at exactly the 
same four coordinates. Three days after the cell transplantation or 
DM injection, the CA procedure was performed. 

Outcome Evaluation 

Rats were observed for 7 days after CA and resuscitation. The 
functional recovery was evaluated using the neurological deficit 
scores (NDS), which have a value ranging from 0 for brain death to 
500 for ncurologically normal, as detailed previously [1, 38J. After 
final NDS evaluation, rats were anesthetized with isofluranc and 



perfused with buffered 10% formalin phosphate. The brain was 
extracted from the skull and stored in buffered 10% formalin for 48 
hours. The brain section containing the dorsal htppocampal region 
was embedded in paraffin and sliced into 6-jxm-thick coronal sec- 
tions. Alternating sections were stained with crcsyi violet to visu- 
alize neuronal damages and deparaffinized to evaluate the survival, 
engraftment, and migration of the transplanted RUCM cells by the 
fluorescence microscopy of CFDA. The dorsal hippocampus of 
coronal sections was photographed. To quantify the histology dam- 
ages, normal and damaged neurons were counted using Adobe 
Photoshop software (Adobe Systems Incorporated, San Jose, CA, 
http^/www. 

adobe.com) in four predetermined regions (two in each hemisphere) 
in the CA1 of the coronal hippocampa! sections between 3.3 and 3.6 
mm posterior to the bregma (Fig, IB). Each circled region in the 
hippocampus had, on average, 89 ± 21 neurons. Every region was 
counted by at least two investigators who were blinded of the 
treatment groups to minimize bias in judgment. The histology 
damage was quantified as the percentage of damaged neurons 
against the total neuronal counts in the same region. 

Three-Dimensional Rendering of Cell Migration 

To belter visualize the fate of transplanted RUCM cells, three- 
dimensional (3D) reconstruction of cell migration was rendered 
using a total of 1 14 consecutive coronal sections (thickness 6 *tm) 
from the brain of a typical cell-transplanted rat, killed 7 days after 
CA and 10 days after transplantation. The sections were serially 
prepared using a microtome and were digitally imaged using a Leica 
DMR fluorescence microscope (Leica, Hecrbrogg, Switzerland, 
http://wwwJeica.com) to visualize the CFDA dye in the RUCM 
stem cells. The images were imported into the Reconstruct software 
[39] (http://www.synapscs.bu.edu) and aligned using the ventricles 
and other physical structures as reference points. The height and 
width scale of the sections was determined by the Measure program 
in Leica software module and was used as a parameter to scale the 
images in Reconstruct. Each fluorescent stem cell in the brain 
sections was contoured using Reconstruct. The Paxinos rat brain 
atlas P7] was used as a reference for creating anatomical structural 
groups, including the lateral and third ventricles, the hippocampus, 
and the corpus cailosum, to show the locations of the transplanted 
cells and their migration. The 3D surface reconstructions generated 
by Reconstruct were exported to 3D Studio MAX (Autodesk, Inc., 
San Rafael, CA, http://usa.autodesk.com) for final rendering. 

Data Analysis 

Statistical analysis was performed using the Origin software (Orig- 
inLab Corporation, Northampton, MA, http://www.originlab.com) 
and CraphPad PRISM (GraphPad Software, Inc., San Diego, hup:// 
www.graphpad.com). One-way analysis of variance was used to 
compare the physiological parameters (Table 1), and the Bonfcrroni 
multiple-comparison test was used to determine the differences 
among groups. A p value of <.05 was considered statistically 
significant. All data are reported as mean ± SD except for neuronal 
counting, which is presented as mean £ SB. 
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Table 1. Parameters of cardiac arrest and resuscitation 

















MA BP (mmHg) 




Na of rats 




Tim* to CA 


Time to ROSC 


Dura lion of CA 


NDS 


IS minutes before 


2 hours after 




survived/total 


Weight (g) 


(minutes) 


(minutes) 


(minutes) 


(na of nits) 


CA 


ROSC 


Group A 


677 


206 ±21 


0.33 ± 0.09 


0.77 ± 0.33 


0.99 ± 0.43 


500(6) 


129 ± 14 


120 ± 12 


Group B 


8/9 


245 £ 28 


0.40 ± 0.07 


0.71 ±0.15 


8.28 ±0.16 


500(8) 


112 ± 15 


109 ± 10 


Group C 


7/9 


225 ± 14 


0.39 ±0.15 


0.74 ±0.10 


8.32 ±0.19 


495 ± 5(7) 


126 ± 26 


I16±27 


Group D 


m 


257 ± 17 


0.33 £ 0.04 


0.60 ±0.13 


8.27 ±0.13 


499 ±4 (8) 


1 18 ± 12 


108 ±9 



Abbreviations: CA. cardiac arrest: MABP, mean arterial blood pressure; NDS, neurologic deficit score; ROSC, return of spontaneous circulation. 



Characterization of RUCM Stem Cells 

The typical morphology of RUCM cells in culture at passage 10 
is shown in a bright-field micrograph in Figure 2A. The cell 
morphology and growih rate remained essentially the same at 
later passages. The nuclear localisation of the embryonic tran- 
scription factor, Oct-4 (red), was demonstrated by its colocal- 
ization with SYTOX nuclear stain (blue) (Fig. 2B). The cyto- 
plasmic localization of the SMA filaments (red) is shown in 
figure 2C. The negative control sample with the secondary 
antibody only shows no immunoreactivity (Fig. 2D). Flow cy- 
tometry results obtained from one of four different isolations of 
RUCM cells are shown in Figure 2E. Oct-4 was expressed in 
nearly 90% of the total number of cells counted as determined 
by flow cytometry with an average of 87% ± 5% (±SD, n « 4) 
for the four different isolations of RUCM cells. SMA and 
vimemin were expressed by an average of 85% ± 1 1% (n ~ 4) 
and 80% ± 11% {n « 4) for the four different isolations of 
RUCM cells, respectively. Expression of vimemin and Oct-4 
was determined by RT-PCR with CAPDH as a positive control. 
The negative control was done where PCR was performed in the 
presence of cDNA but no primers (Fig. 2F). PCR products of the 
expected sizes for Oct-4 and vimemin were detected. 

Stem Cell Treatment of Global Cerebral Ischemia 

CA and resuscitation were highly reproducible in all exper- 
imental groups subjected to 8-minuie CA. Four out of 33 
animals (one each in groups A and B, two in group C) died 
of unidentified causes before the end of the planned recovery 
period. None of the animals in group D with RUCM cell 
transplantation died unexpectedly. Table I summarises the 
important parameters of CA and resuscitation, in groups B 
(untreated CA), C (CA pretreated with defined medium), and 
D (CA pretreated with RUCM cells), all rats showed the same 
arterial blood pressure changes as reported previously (I), 
and the arterial blood pH and gases were within the normal 
physiological range before CA (pH 7.43 ± 0.03, pC0 2 
36. 1 ±3.1, Sp0 2 99.7 ± 0.1). The esmolol injection induced 
a rapid onset of CA. The time from esmolol bolus injection to 
CA was 0.37 ± 0.10 minutes. No significant differences were 
detected among groups. There were no differences in the 
resuscitation time among groups B (untreated CA), C (CA 
pretreated with defined medium), and D (CA pretreated with 
RUCM cells). The time from the initiation of the resuscita- 
tion effort to ROSC in these three groups was 0.68 ±0.14 
minutes (0.70 ± 0. 19 minutes for the four-group average and 
0.77 ± 0.33 minutes for group A alone). In groups B, C, and 
D, $ minutes elapsed between the esmolol injection and the 
onset of resuscitation. The actual duration of CA (from 
electromechanical dissociation to ROSC) was 8.29 ± 0.16 
minutes, and there were no significant differences among the 
three groups. Rats in sham group (group A) were injected 
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Figure 2. Characterization of rat umbilical cord matrix (RUCM) cells. 
Cells were imaged by (A) bright-field microscopy or immunostained for 
(B) Oct-4 and (C) smooth muscle actin (SMA) (red). Con focal images 
were overlaid with SYTOX Blue nucleic acid stain (blue). (D): Negative 
control with secondary antibody overlaid only with SYTOX Blue shows 
no immunoreactivity. (E): Row cytometric analysis of RUCM cells. 
I£ach panel represents a single antibody assay. Black lines represent 
control celts with mouse immunoglobulin G alone plus fluorescein 
isothiocyanatc-labcled secondary antibody. Black-filled lines represent 
primary mouse antibodies for vimemin, Oct-4, or SMA. (F): Reverse 
transcription-polymerase chain reaction of mRNA isolated from one 
representative RUCM cell line demonstrating the expression of the 
myofibroblast marker vimemin (Vim, 1.4 kilobase pair), the stem cell 
marker Oct-4 (183 base pair |bpj), and the housekeeping gene CAPDH 
(300 bp). The negative control (Neg) demonsnates the absence of 
product in a reaction with no added primers. Abbreviations; CAPDR 
glyccroldehydc-3-phosphatc dehydrogenase; M\V, molecular weight. 
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Figure 3. Representative crcsyl violet-stained sections of the CAi 
region of hippocampus from rats in groups A (sham-operated). B 
(untreated cardiac arrest), C (cardiac arrest pretreated with defined 
medium), and D (cardiac arrest pretreated with Qct-4* rat umbilical 
cord matrix ceils). Typical global ischemic damages, including vacuol- 
ization (arrow in frame B), nuclear pyknosis (arrow in frame C), and 
karyorhexis (arrowhead), are found in groups B. C, and D, but not in 
group A. The number of injured neurons is significantly reduced in 
group D compared with groups B and C. Scale bars * 20 ptm. 

with csmolol and resuscitated immediately by infusion of 
oxygenated blood and resuscitation mixture. The transient 
"no-flow" time for rats in group A was 0.99 ± 0.43 minutes. 
A larger standard deviation of no-flow time in group A 
compared with other groups was likely due to the varying 
responses to the possible drug interaction between esmolol 
and epinephrine when the shori-action esmolol was still 
effective in the sham group while the resuscitation mixture 
was infused. 

There was no specific ischemic damage in group A (sham 
group); neurons stained with crestyl violet show clear round 
nuclei and cell bodies in dark purple (Fig. 3A). Only 3.8% ± 
0.5% and 3.2% Z 0.5% of the hippocampal neurons were 
damaged in the left and right CAI regions, respectively. The 
same amount of "apparent damage" is also seen in animals 
without having CA surgical manipulations. Seven days after 
resuscitation, six out of seven animals in group A recovered 
fully with normal NDS (Table 1). Group B (untreated CA 
group) had typical ischemic changes in the CAI neurons, in- 
cluding nuclear pyknosis (the condensation of chromatin), vac- 
uolization (formation of large membrane-bound vacuoles), and 
karyorhexis (the fragmentation of the nucleus) (Fig. 3B, 3C), 
and 50. 1 % £ 6.0% and 5 1 .3% ± 6.2% of the pyramidal neurons 
in the left and right CAI regions were damaged, respectively. 
Despite severe histological damage, the rats that survived in 
group B showed normal NDS 7 days after resuscitation (Table 
1). It is a characteristic finding that behavioral recovery from 
CA as measured by the NDS is often an all-or-nonc phenome- 
non: animals either die within days or appear neurologically 
normal (3). Hence, histology outcome as measured by the neu- 
ronal loss in the CAI region is a more quantifiable measure of 
the damage. CAI neurons in group C (CA pretreated with DM) 
had slightly more severe damage than in group B, with 67.9% ± 
5.5% and 62.4% £ 5.8% of neurons injured in the left and right 
CAI regions, respectively (Fig. 4). The difference between 
group B (untreated CA) and group C (CA pretreated with DM) 
is significant only on Ihe ipsilateral (injection) side (p » .04) 
and not significant on the contralateral side (p = .20). Four 
animals in group C were nonresponding to tail clamping 7 days 
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Hippocampus Region 

Figure 4. The histological damage, quantified by the percentage of 
injured neurons counted in the predetermined areas in the CAI regions 
of the hippocampus (as shown in Fig. IB). Results from one-way 
analysis of variance with Bonferroni multiple comparisons are marked: 
# and 1 indicate significant difference (p < .001) between groups of the 
same side: % and * indicate significant difference (p < .05) between 
groups of the same side and within die same group of the opposite sides, 
respectively. Abbreviations: LT, left; RT. right 



after resuscitation (NDS 495 ± 5.3). The percentage of dam- 
aged hippocampus neurons in group D (CA pretreated with 
RUCM cells) was significantly reduced (Fig. 4,p < .001), being 
only 3 1 .9% t 2.2% and 24.9% ± 2.6% in the left and right CA 1 
regions, respectively. Seven days after resuscitation, one of the 
seven animals in group D was nonresponsive to pain stimulation 
in the tail. 

The percentages of the damaged pyramidal neurons in the 
left and right CA 1 regions of the dorsal hippocampus tn the four 
experimental groups are summarized in Figure 4. For groups A 
(sham group), B (untreated CA), and C (CA pretreated with 
DM), the injuries are symmetrica), and there is no significant 
difference between left and right hemispheres. In group D (CA 
pretreated with RUCM cells), although both sides had signifi- 
cantly less injury compared with groups B (untreated) and C 
(pretreated with DM) (p < .001), the side with microinjection 
had slightly more damage than the contralateral side (p - 
.0496). 

The transplanted RUCM cells were identified by the loaded 
green CFDA dye under a fluorescent microscope. It is evident 
that the transplanted RUCM cells have survived after the mi- 
croinjection (Fig. 5). A significant amount of RUCM cells have 
migrated away from the injection sites. Figure 6 shows the 3D 
rendering of the migration of CFDA-labeled RUCM cells from 
die injection sites. Unlike in focal cerebral ischemia, the neu- 
ronal damage in global cerebral ischemia is not localized. There 
seems no clear direction for RUCM cell migration after isch- 
emia, and migration patterns vary from rat to rat. In some rats, 
a majority of the cells injected into the cortex migrated toward 
the CC, and those injected directly into the CC migrated the 
furthest medially toward the contralateral side. In other rats, 
cells injected in the dorsal hippocampus showed migrations in 
the medial-lateral and rostral-caudal directions. Cells trans- 
planted in DTN had shorter migration distances. Only a few 
RUCM cells were found directly in the CAI regions of the 
transplantation side, and no CFDA-labeled RUCM cells were 
found on the contralateral side. 
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Figure 5, Representative fluorescence images of carboxyfluorescein 
diacetate-dyed rat umbilical cord matrix cells transplanted 3 days prior 
to cardiac arrest into the rat brains. Brains were sectioned 7 days after 
the cardiac arrest and resuscitation. The transplanted cells were found to 
have survived and migrated away from the injection sites in (A) cortex, 
(B) corpus caJlosum, (C) dorsal hippocampus, and (D) dorsal thalamic 
nucleus { x 100 rnagnification). The areas within the white rectangles in 
(B) and (C) are further magnified at X400 to show details of the 
transplanted cells in (£) corpus callosum and (F) dorsal hippocampus, 
respectively. A section from a medium-injected rat is provided in (G), 
showing the level of background autofluorescence for comparison. 
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figure 6. Three-dimensional reconstruction of the migration of the 
transplanted carboxyfluorescein diacetate (CFDAMabelcd rat umbilical 
cord matrix stem cells in the brain of a rat 10 days after the cell 
transplantation and 7 days after cardiac arrest and resuscitation. Images 
show (A) the front view in the rostral-to-caudal direction, (B) top view 
in the dorsal-to-ventral direction, and (O left-side view in the lateral- 
to-medial direction. Images (D), (E), and (F) depict the zoom-in views 
of the regions enclosed in the white boxes in (A), (B)> and (C)» 
respectively. Anatomic references are color-coded: magenta, outline of 
the brain; cyan, corpus callosum; purple, hippocampus; and red, ventri- 
cles. The green spheres mark the injection sites, and the yellow spheres 
arc outlines of the CFDA-labcled rat umbilical cord matrix stem cells. 




One of the characteristics of brain damage caused by cerebral 
global ischemia after CA is the disseminated neuronal loss, 
particularly in the selectively vulnerable CA1, CA3, and dentate 
gyrus regions of hippocampus. Often the dying or dead neurons 
are found side-by-side to "good" neurons that appear histolog- 
ically normal. The underlying molecular and cellular events 



determining the fate of each neuron after die same ischemic 
insult are not fully understood. 

Using a highly reproducible outcome model of CA and 
resuscitation, we demonstrated the potential therapeutic effects 
of transplanted UCM cells on mitigating neuronal loss after 
severe global ischemia. We found that pretrcatment with RUCM 
ceils 3 days before CA can significantly reduce, but not elimi- 
nate, brain damage characterized by the pyramidal neuron loss 
in the CA1 region of the hippocampus. As shown in Figures 3 
and 4, the group pretreated with RUCM cells (group D) had 
significantly less CA1 damage than the untreated group (group 
B). Possible artifacts unrelated to the direct therapeutic effects 
of RUCM cells include immune response to microinjection and 
brain preconditioning to ischemia due to microinjection proce- 
dures. However, others [40) have shown that injection of por- 
cine UCM ceils into rat brain do not elicit immune response. In 
this study, we further ruled out any possible preconditioning 
artifacts by adding group C (pretreated with defined medium), in 
which the exact same pretreatment procedures were performed 
as in group D except for receiving RUCM cells. Croup C 
showed no improvement in histology outcome due to precon- 
ditioning alone. In fact, microinjection with sterilized DM fol- 
lowed by CA 3 days later had the tendency to slightly worsen 
the outcome compared with untreated group (group B), and the 
difference between groups B (untreated) and C (pretreated with 
DM only) was statistically significant on the injection side. 
Thus, it can be concluded that the observed improvement in 
histological outcome in group D was a direct consequence of 
RUCM cell treatment. 

The general assumption about stem cells being beneficial in 
treating a stroke is their pluripotency. in embryonic stem cells, 
pluripotency has been linked to the expression of Oct-4, a 
Pit-Oct-Unc transcription factor [41], Oct-4 is expressed almost 
exclusively in embryonic stem cells (42). In the mature animal, 
Oct-4 expression was thought to be restricted to the germline. 
However, Oct-4 expression was recently observed in a popula- 
tion of bone marrow stromal cells after serum deprivation [43 j 
and porcine UCM cells [44], Oct-4 expression has also been 
found in amniotic fluid cells [45] and in tumors [46, 47]. 
Although pluripotency and functionality in these latter cases are 
yet to be established, these findings nevertheless suggest that 
Oct-4 might play a role in determining the fate of other types of 
stem cells. 

The Oct-4* cells used in this study were derived from the 
RUCM. These cells have the potential to differentiate into other 
tissue types. For example, it was demonstrated that human UCM 
cells had the capacity to differentiate into a neuronal phenotype 
in vitro [36] and that porcine UCM cells not only could survive 
after transplantation into the rat brain, but also appeared to 
differentiate into neurons [40]. We showed here that RUCM 
cells are myoflbroblast-iike stem cells similar to those isolated 
from porcine and human umbilical cord. They express markers 
similar to those found in the adult bone marrow stromal stem 
cell (SMA and vimentin) and embryonic stem cells (Oct-4). 
These findings suggest that the UCM is an abundant, easily 
obtainable source of primitive Oct-4 1 stem cells that might be 
intermediate between embryonic and adult stem cells. Unlike 
embryonic stem cells, UCM cells do not form teratomas (K. 
Mitchell, unpublished observations) nor do they elicit a detect- 
able immune response (40. 48]. The UCM cells might in fact 
have an immune-suppressive effect as has been observed for 
mesenchymal stem celts (49), Mesenchymal stem cells from 
cord blood, while having many of the same characteristics as the 
UCM cells, are less abundant and might be less primitive than 
those found in UCM. Because of these properties, UCM cells 
might be a better alternative to embryonic, bone marrow stro- 
mal, or umbilical cord blood cells for cell-based therapies. 
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We chose a pretreatment strategy in this study to evaluate 
the possible mode of action of stem cells In preventing neuronal 
damage after an intrinsically disseminated insult. Our rationale 
was that with pretreatment, the transplanted stem cells could be 
activated by the acute exposure to ischemia. If pretreatment can 
significantly improve the histological outcome after a controlled 
global ischemia, which is known to lead to nonfocal damages, 
then neither of the two popular hypotheses about stem cell 
protection (namely, stem cell differentiation into neurons 1 trans- 
differentiation] and stem cell fusion with host cells) would be 
sufficient to explain the protective effects. Other mechanisms 
should be considered and explored. 

Indeed, careful analysts of the engraftment and migration 
of the transplanted cells suggests that RUCM cell transdif- 
ferentiation and fusion might not be the predominant mech- 
anisms for the observed protection. Although significant cell 
migration within hippocampus was observed in some of the 
animals (Fig. 6), relatively few RUCM cells were found 
directly in the CA1 pyramidal cell lining on the transplanta- 
tion side, and no fluorescent cells were detectable on the 
contralateral side. Thus, even if RUCM cell transdifferentia- 
tion into neurons or RUCM cell fusion with neuronal cells 
docs occur during the reperfusion and recovery period, nei- 
ther mechanism can account for the significant protection 
seen in group D (pretreated with RUCM cells). Hence, our 
results seem to suggest the possibility of a third novel mech- 
anism of stem cell repair — one that elicits one or multiple 
synergistic extracellular signaling pathways. This possibility 
is strongly supported by the recent studies in which Lv. 
injection of human umbilical cord blood (HUCB) cells into 
rats was shown to reduce brain injury during a I -hour middle 
cerebral artery occlusion (50, 5 1 ]. These focal ischemia stud- 
ies unequivocally demonstrated that cell entry into the central 
nervous system is not absolutely required for the neuropro- 
tection by the peripherally injected HUCB cells. As the 
authors of these studies concluded, the secretion of the "ther- 
apeutic molecules" (including the neurotrophic factors) and 
the nonimmune anti- inflammatory effects are the two neces- 
sary components of the observed HUCB cell neuroprotection. 

fn our case, it can be speculated that the presence of 
Oct-4 + RUCM cells during ischemia activates and acceler- 
ates the proliferation and recruitment of the endogenous 
neuronal stem cells, including re-entry of quiescent stem 
cells, into the rescue effort. Other possibilities include the 
creation of an extracellular milieu that enhances and restores 
the intrinsic ability of the brain tissue in self-repair |52|. For 
example, it is possible that the very presence of the trans- 
planted stem cells serves as the first respondcr to the stress 
signals from ischemia, priming the activation and reintegra- 
tion of the Notch and Wnt signaling [53] to renew the adult 
brain tissue to re-enter a youthful state [54, 55] in the 
recovery stage. After the initial increase in the proliferation 
of endogenous neuronal progenitor cells, asymmetric antago- 
nidation of Notch signal can lead to rapid differentiation of 
one of the two daughter cells into vascular lineage for an- 
giogenesis or neuronal lineage for neurogenesis. Another 
possibility is that, like the cord blood cells, the transplanted 
RUCM cells can suppress the inflammatory response after 
ischemia [56], thereby helping injured neurons to recover and 
promoting the viable neurons to remain alive. The transplant- 
cd-cell-host-cell communication as the primary stem cell 
repair mechanism is further suggested in our study by the 
improved outcome in the contralateral side where no trans- 
planted RUCM cells were found — a strong indication that 
retrograde signaling from long-distance connections might 
also play an important role in determining the fate of neurons 
after ischemia and reperfusion injuries. 



Although the most desirable intervention for cerebral 
ischemia is post-treatment, preventative therapy by pretreat- 
ment to avoid brain damage due to circulatory arrest is also 
clinically relevant. For example, patients receiving an im- 
plantable automatic internal cardiac defibrillator usually un- 
dergo two tests of total cerebral ischemia. Also, in pediatric 
cardiac surgery for repairing complex congenital cardiac 
malformations [57], in certain adult cardiac surgeries involv- 
ing the aortic arch [58, 59]. and in adult neurosurgery for 
giant intracranial aneurysms [60, 61], a controlled total cir- 
culatory arrest to create a bloodless operative field is often 
essentia). At present, the only commonly used preventative 
measure in these surgical cases is deep hypothermia, which is 
not without devastating complications. Thus, devising novel 
pretreatment strategies aimed at alleviating acute and delayed 
neurological morbidities is highly beneficial to the future de- 
velopment of innovative medical procedures. Most impor- 
tantly, the potential future clinical applications of stem cell 
therapy require a better understanding of the protection 
mechanisms, for which pretreatment clearly has the advan- 
tage over post-treatment in many cases, as discussed above. 

Finally, it is worth mentioning that, although we have 
attempted to use clonal cells for transplantation, it is difficult 
to conclude that the endothelial cells from the umbilical cord 
tissue are completely depleted after multiple passages. How- 
ever, endothelial and vascular cells do not express Oct-4 nor 
would they proliferate as long in culture as the UCM cells. 
There is a remote possibility that a very small fraction ( < I %) 
of the injected cells might be endothelial precursors, which 
might have persisted in culture over multiple passages. Based 
on the percentage of cells that are positive for SMA and 
Oct-4 (markers that would not be expressed by endothelial 
precursors), the very small percentage of endothelial precur- 
sors, if any, would be unlikely to contribute substantially to 
the overall effect observed. 



Conclusion 

RUCM cell transplantation indirectly reduces the percentage 
of damaged hippocampal neurons after CA. Although more 
studies will be needed to ascertain the protection mechanism, 
the results of the present study indicate that Oct-4 + UCM cell 
treatment of brain injury from global ischemia, particularly 
through cell signaling pathways, is a distinct possibility and 
warrants further investigation. A better understanding of the 
extracellular signaling molecules that are secreted by UCM 
cells in different environments (e.g., hypoxia) can also help 
identify potential targets for the development of novel drugs 
that — when given after CA — can potentially trigger the same 
healing process that the UCM cells appear to have initiated. 
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1. INTRODUCTION 

The two most basic properties of stem cells are the capacities to self-renew and 
to differentiate into multiple cell or tissue types (i- 3J. Generally, stem cells are 
categorized as one of three types; embryonic stem cells (ES), embryonic germ 
cells (EG), or adult stem cells. ES cells are derived from the inner cell mass of 
the blastula (Fig. l) M They proliferate indefinitely and can differentiate sponta- 
neously into all three tissue layers of the embryo (4) and into germ cells as well 
(5 -7). EG cells are derived from primordial germ cells (see Fig. 1), a small set 
of stem cells that reside in the protected environment of the yol k stalk, so that they 
remain undifferentiated during embryogenesis. As with ES cells, EG cells have the 
capacity to differentiate into all three tissue layers (8), Adult stem cells are found 
in most tissues and in the circulation. They may have less replicative capacity 
than ES or EG cells and, until recently, were thought to have restricted develop- 
mental fates (9). This classification system omits a significant source of stem 
cells derived from the extraembryonic tissues (umbilical cord, placenta and 
amniotic tissues/fluids), which are derived from neither the adult organism nor 
the embryo proper. This review will describe studies of stem cells derived from 
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Fig. 1 . Stem cells and origins from inner cell mass (1CM) and extraembryonic mesoderm, 
ES cells arise from cells derived from the ICM. EG cells, umbilical cord matrix cells, cells 
from amniotic tissues, and early hematopoietic stem cells (HSC) arise from extraembry- 
onic mesoderm. 
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Fig. 2. Human umbilical cord matrix cells. (A) Umbilical cords have two arteries and one 
vein surrounded by Wharton's jelly . (B) Pockets of cobblestone-appearing cells between 
the adventitia and Wharton's jelly. (C) Umbilical cord matrix cells in culture. (D) Human 
umbilical cord cells treated by neural induction method of Woodbury et aL (33), 



extraembryonic tissues with an emphasis on cells derived from umbilical cord, 
their developmental origins, and relationships to other types of stem cells and 
potential in regenerative medicine. 

2. STRUCTURE AND DEVELOPMENT 
OF THE UMBILICAL CORD 

The fully developed umbilical cord has one vein and two arteries surrounded 
by mucous or gelatinous connective tissue also known as Wharton's jelly and is 
covered with amnion (Fig. 2). There are three distinct zones of stromal cells and 
matrix that can be identified: subamniotic layer, Wharton's jelly > and media and 
adventitia surrounding the vessels but no differences along the longitudinal axis 
(JO). The Wharton's jelly region, the most abundant, has cleft-like spaces of 
stroma matrix molecules of col lagens type I, III* and VI, with collagen type VI, 
laminin, and heparin sulphate proteoglycan around the clefts. The jelly-filled, 
cleft-like spaces are surrounded by stromal cells that are slender and spindle- 
shaped myofibroblasts that express vimentin and smooth muscle actin as well as 
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desmin (J J). Earlier cords have only vimentin and desmin. The structure and 
composition of the umbilical cord, rich in highly resilient matrix and myofibro- 
blasts, protects the vessels from compression and may also facilitate an exchange 
between cord blood and amniotic fluid. 

The umbilical cord is derived from extraembryonic mesoderm (see Fig. 1). 
After the blastula develops, cells from the inner cell mass (from which ES cells 
are derived) form the epiblast (12). Cells destined to become the extraembryonic 
mesoderm arise from the proximal epiblast and are the earliest mesoderm to 
migrate through the primitive streak (13). Extraembryonic mesoderm increases 
over the next few stages of embryogenesis to line the trophectoderm shell, the 
amniotic ectoderm, and the yolk sac endoderm and form the connecting stalk as 
well. Thus extraembryonic mesoderm contributes to the chorion, amnion, yolk 
sac, and, eventually, the umbilical cord (14). 

Primordial germ cells (from which EG stem cells are derived) and early 
hematopoietic stem cells arise from extraembryonic mesoderm (see Fig. 1). 
Hematopoiesis occurs in the yolk sac blood islands 8-8.5 days postconception 
in the mouse (15, 16). These yolk sac hematopoietic stem cells provide early, 
local hematopoiesis during development and circulate through the embryo to 
provide oxygen and nutrients. Primordial germ cells arise from the extraembry- 
onic mesoderm and appear in the yolk sac as distinguishable entities at about 7 
days postconception in the mouse (17). They migrate to the genital ridges of the 
developing fetus by about 1 1 .5-12.5 days postconception. Primordial germ cells 
retrieved from the genital ridges and cultured in vitro are multipotential (8). The 
migration of primordial germ cells is controlled by a number of factors, including 
c-Kit and members of the nanos family (18). Primordial germ cells, which do not 
home correctly to the genital ridges, undergo apoptosis. If apoptosis does not 
occur, these cells can form pediatric germ cell tumors (19). 

Recent work has shown that the umbilical cord is a rich source of stem cells. 
Ende coined the term Berashis cells, meaning beginning cells, to describe the 
primitive multipotential cells found in human umbilical cord blood and sug- 
gested that they may be related to fetal stem cells (20, 21). Three types of stem 
cells have been identified in umbilical cord: myofibroblast-like cells from the 
umbilical cord matrix, and hematopoietic and mesenchymal stem cells from cord 
Au; , ltA blood. Stem cells obtained from umbilical cord and placental blood express low 
corrwi as levels of human leukocyte antigens (HLA) and have a universal donor potential 
o^? gd (22). This is an important source of stem cells for bone marrow replacement 
when HLA-matched donors cannot be found. The properties of umbilical cord 
stem cells, their relationship to other types of stem cells, and their immunogenic 
properties are areas of much interest in the emerging fields of stem cell biology 
and regenerative medicine. 
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3. STEM CELLS DERIVED FROM EXTRAEMBRYONIC TISSUES 



Umbilical cord matrix may be the remnants of the yolk stalk, the protected 
environment where early hematopoietic stem cells and primordial germ cells 
arise. As such, it may be a reservoir of cells with stem cell-like characteristics 
that can migrate into the developing fetus at appropriate times during develop- 
ment. Umbilical cord matrix cells express markers for stem cells, including many 
that are expressed in ES, EG, and neural precursor or stem cells (Table 1). In 
addition, umbilical cord matrix cells can be easily expanded and maintained in 
culture for more than 80 population doublings. They express low levels of 
telomerase. They also form structures reminiscent of embryotd bodies when 
cultured past confluence. They express smooth muscle actin and vimentin, 
markers for myofibroblasts; nestin, neuron-specific enolase (NSE), and glial 
fibrillary acidic protein (GFAP), markers for neural stem cells; and c-Kit, Oct-4, 
Tra-1-60, markers expressed in ES and EG cells. Importantly, umbilical cord 
matrix cells do not form teratomas in nude mice (23) or when injected into rat 
brain or muscle (24). 

Pluripotency of ES cells has been linked to expression of Oct-4, aPit-Oct-Unc 
transcription factor (25). Until recently, it was believed that Oct-4 expression in 
mature animals was confined exclusively to germ cells (26). Initially expressed 
in all cells in the blastula, Oct-4 becomes restricted to the inner cell mass at the 
blastula stage. Oct-4 is expressed by nearly 100% of isolated umbilical cord 
matrix cells after 10 passages and is localized to the nucleus. The full-length 
transcript was cloned from umbilical cord matrix cells and has 100% homology 
to the reported human embryonic form of Oct-4 (23). The role of Oct-4 in umbilical 
cord matrix cells is not known. In ES cells, the precise level of Oct-4 expression 
seems to determine cell fate with high levels of Oct-4 expression pushing ES cells 
toward extraembryonic mesoderm or endodermal lineages and low Oct-4 
expression resulting in cells that become trophectoderm (27). Only ES cells 
expressing normal Oct-4 levels remained pluripotent. Recently, a population of 
bone marrow stromal cells was isolated after serum deprivation that expressed 
Oct-4f2#J. Oct-4 expression was also found in amniotic fluid cells (29). Taken 
together, these findings suggest that Oct-4 may play a role in nonembryonic stem 
cells. This is being investigating for umbilical cord matrix cells in our laboratory. 

Umbilical cord matrix cell express many of the markers Shamblott et al. (30) 
identified in derivatives of cultured EG cells including NSE, vimentin, and 
nestin — markers for neural precursors, — and glial markers, 2\3'-cyclic nucle- 
otide 3-phosphodicsterase, and GFAP, also expressed inearly neural precursors 
(see Table I). In addition, umbilical cord matrix cells express c-Kit, which is 
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Table 1 

Comparison of Markers for Stem Cells Expressed in ES, EG, UCM> Amniotic, 

and NS Cells 





ES cells 


EG cells 


U CM cells 


Amniotic 


NS cells 


Oct-4 










NA 


Telomerase 


+ 










Vimentin 


NA 




+ 


+ 


+ 


Nestin 


NA 










NSE 


HA 




+ 






GFAP 


NA 


+ 


+ 




+ 



ES* embronic stem; EG* embryonic germ; UCM, umbilical cord matrix; NS* neural stem; 
NSE, neuron-specific enolase; GFAP, glial fibrillary acidic protein; NA, not applicable. 



important for proper migration of primordial germ cells/ Expression of these 
proteins, including Oct-4, by both umbilical cord matrix cells and EG cells 
suggests a possible relationship between the two cell types, particularly in light 
of their residing in the same region of the developing fetus and common origin 
from extraembryonic mesoderm. 

Umbilical cord matrix cells can be differentiated to form neuron-like ceils 
based on morphology, expression of neuron-specific proteins, and development 
of voltage-gated potassium channels found in early neurons that are important 
for development of electrical excitability (31, 32). Some ceils differentiate spon- 
taneously to express neuronal markers. Induction by the method of Woodbury et 
al. (33) greatly enhances the number of cells that differentiate into a neuron-like 
cell (approximately 80%) (31). Umbilical cord matrix cells induced by this 
method form primitive networks between the cells with long axon-like pro- 
cesses, refractiie cell bodies and dendrite-like processes, highly reminiscent of 
primary neurons in culture (Fig. 2D). The induced umbilical cord matrix cells 
express neurofilament M, Tujl, growth cone-associated protein (GAP43), and 
tyrosine hydroxy lase, which are markers for more mature neurons. Thus, as with 
many stem cells, umbilical cord matrix stem cells appear to differentiate along 
a neuronal fate readily, with some differentiation occurring spontaneously. 

Umbilical cord matrix cells have also been used in in vivo xenotransplantation. 
Studies by Weiss et al. (24) suggest that porcine umbilical cord matrix ceils 
survive, migrate, and begin to express markers for mature neurons when trans- 
planted into rat brain. Umbilical cord matrix cells loaded with the fluorescent 
dye, PKH26, were transplanted into rat brains and detectable at periods from 2 
to 6 weeks after transplantation. After 4 weeks, the umbilical cord matrix cells 
were detected primarily along the injection tract and were small and spherical, 
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with very few processes. However, the transplanted umbilical cord cells did 
express neuronal filament 70 (NF70) based on detection with an antibody spe- 
cific for porcine but not rodent NF70. In contrast, 6 weeks after injection, about 
10% of the detectable umbilical cord matrix cells had migrated away from the 
injection site and into the region just ventral to the corpus callosum. These 
umbilical cord matrix cells also expressed NF70. Taken together, these studies 
suggest that umbilical cord matrix cells may have the capacity to differentiate 
into neurons in vitro and in vivo. More work needs to be done to establish that 
the umbilical cord matrix cells can generate action potentials in vitro and form 
new neuronal connections in vivo. Studies are under way to address these issues 
and to establish whether umbilical cord matrix cells can ameliorate neural defi- 
cits after oxygen deprivation of the brain or in a Parkinson's disease model in rat. 



Umbilical cord blood is a rich source of hematopoietic stem/progenitor cells 
and has been used successfully as an important source of cells for hematopoietic 
stem ceil (HSC) transplantation {34). Although somewhat controversial, umbili- 
cal cord blood is also thought to be a source of mesenchymal stem cells (MSG). 
MSC can be differentiated into cells other than blood, but may also be important 
for long-term engraftment in bone marrow transplants with umbilical cord blood 
(35). There is much interest in the potential of umbilical cord blood as a source 
of muitipotential stem cells; umbilical cord blood is often banked and cryogeni- 
cally stored for use by the individual from whom the cord blood was taken or as 
a source for donation to other individuals in need of bone marrow transplants or 
other cell-based therapies. 

Umbilical cord blood is an important source of HSC for bone marrow trans- 
plants for which HLA-matched donors cannot be found. Umbilical cord blood 
stem cell progenitors are used now routinely as an alternative to bone marrow 
transplant ( 36). There are many potential advantages in using the HSC from cord 
blood as compared with HSC derived from bone marrow. First, HSC in umbilical 
cord blood occur at higher frequency than in peripheral blood (37) and at com- 
parable levels to their occurrence in bone marrow, making up about 2% of the 
total mononuclear cell population (38). Importantly, umbilical cord HSC have a 
greater ability to replicate than bone marrow-derived HSC and can be manipu- 
lated genetically as well (39). They can be collected noninvasively with no risk 
to mother or child. Because of their increased proliferative rate, HSC can be 
expanded ex vivo, unlike adult hematopoietic stem cells (40, 41 ). This potential 
a«: pi«m> for expansion can be augmented by treatment with a cocktail of growth factors 
wxIcF * TP0, SCF> interleukin ~3, PL, and basic fibroblastic growth factor) allowing for 
fl. aj«m> a 500-fold expansion of CD34+ HSC from umbilical cord blood (42). CD34 + 
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umbilical cord cells may also have potentials beyond the hematopoietic lineages. 
Pesce et al. (43) showed that CD34 4 umbilical cord cells can differentiate into 
muscle fibers in immune-suppressed mice and can also form myotubes when 
cocultured with musclecells in vivo. The abilities to expand ex vivo, genetically 
manipulate, and cryogenically store umbilical cord blood HSC in addition to 
their potential to contribute to repair of other tissues holds great promise for 
future stem cell-based therapies. 

Although umbilical cord blood is known to be a rich source of HSC (44, 45), 
the existence of MSC in umbilical cord blood has been somewhat controversial 
(46). However, in recent studies, MSC has been isolated from cord blood through 
methods used for isolation of MSC from bone marrow (47). The umbilical cord- 
derived MSC displayed a fibroblast-like morphology and were smooth muscle 
actin and ftbronectin positive. This suggests that they may be related to the cells 
isolated from umbilical cord matrix, which may migrate into the cord blood 
circulation. Other groups have isolated MSC from umbilical cord blood that 
could be expanded in culture and induced to differentiate into osteocyies, 
chondrocytes, and adipocytes as well as hepatocytes of mesenchymal origin 
(48). They were also able to induce the cells to express markers for neurons and 
glia. Hou et al. isolated MSC from umbilical cord blood by negative selection. 
These cells do not express CD34, GDI la, or CD1 lb, but do express CD29 and 
CD7 1 , which is identical to MSG derived from bone marrow (49). Hou et aL also 
isolated clonal populations of MSC that could differentiate into adipocytes, 
chondrocytes* osteocytes, hepatocytes, neuronal, and glial cells based on expres- 
sion of specific markers. 

Cells that resemble neural stem cells have been isolated from umbilical cord 
blood (50). Nestin, an intermediate filament expressed in neural precursors, is 
expressed by a large percentage of human cord blood monocytes that also 
coexpress CD133. However, nestin expression was not detected in adult mono- 
cytes (50). Buzanska et al. (51) showed that nestin-expressing cells from umbili- 
cal cord blood could be directed to differentiate into early neurons that expressed 
TUJ1 (a neuron-specific class III P-tubulin), astrocytes expressing GFAP, and 
galactocerebrosidase expressing oligodendrocytes by treatment with brain- 
derived neurotrophic factor and retinoic acid. Similarly, other studies have 
shown that CD45-negati ve cells from umbilical cord blood could be expanded 
in culture and then be induced to form cells that express neuronal and glial 
markers TUJ1 and GFAP (52). Many other studies have shown the potential for 
cells from cord blood to differentiate into cells that express neuronal or glial 
proteins using a number of different induction protocols (53). Interestingly, 
many of the proteins are expressed in umbilical cord cells without any treatment 
to induce them. For example, GFAP was expressed in about one-third of the 
isolated qells. This was increased by treatment with retinoicacid. Similar results 
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were found for expression of NeuN. These studies show that a population of cells 
within umbilical cord blood express markers and have properties very similar to 
those of umbilical cord matrix cells and neural precursor cells (see Table 1). 

3.3. Other Extraembryonic Stem Cells 

Other cells with stem cell-like properties have been identified in the extraem- 
bryonic tissues. Oct-4~expressing cells have been identified in human amniotic 
fluid (29). Amniotic fluid cells express stem cell factor, smooth muscle actin, and 
vimentin and are rapidly proliferating compared with adult cells (54). They may 
also express telomerase as telomerase activity has been detected in amniotic fluid 
(55). Amniotic cells also express a number of glial and neuronal proteins, includ- 
ing neurofilament proteins, microtubule-associated protein 2, GFAP, ,2'3'Cyclic 
nucleotide 3-phosphodiesterase, myelin basic protein, and galactocerebroside 
(56, 57). These properties are similar to those of cells isolated from umbilical 
cord matrix, suggesting that they may have a common origin. 

An interesting observation made by several investigators is that many neu- 
ronal and glial proteins are expressed in extraembryonic tissues. Initially, 
expression of some neuronal and glial proteins, NSE and S 100, in cord blood 
and amniotic fluid was thought to be indicative of neonatal neuronal damage 
(58-61 ). But recent studies have shown that high levels of NSE and S-100 are 
expressed in umbilical cord blood after normal delivery. They are expressed at 
higher levels in the artery than venous blood, suggesting fetal origin (62). 
Wijnberger et al. did a more extensive analysis of neuronal and glial protein 
expression in the placenta and umbilical cord, looking for expression of S-100, 
NSE, GFAP, and GAP43 (63), They found that many cell types, including 
myofibroblasts of Wharton's jelly i are positive for NSE and S-100, as are cells 
of the vascular wall, amnion epithelium, and macrophages and monocytes in 
umbilical cord blood. GFAP and GAP43 were not detected, however. S-100 is 
also expressed in placental tissues (64). These results suggest that extraembry- 
onic tissues are possibly a rich source of stem cells with neural precursor type 
properties. 



4. RELATIONSHIP TO ES, EG, AND ADULT STEM CELLS 

ES cells are derived from the inner cell mass of the blastula. EG cells are 
derived proximal to the epibiast, residing temporarily in a protected environment 
of the yolk stalk so that they remain undifferentiated. Adult stem cells are found 
in most tissues, as well as in circulation. Adult stem cells are usually quiescent 
but become activated under conditions of stress or injury. What are the origins 
of adult stem cells and how do they keep from differentiating? These are some 
of the most critical questions in stem cell biology. It has been suggested that stem 
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cells may not be the first cells to show up in a tissue, but rather may appear later 
in development when they can populate adult niches. Adult stem cells may be 
differentiated appropriately for their tissue, but also have other potentials if in a 
different microenvironment. 



Are multipotential adult stem cells related to the primitive stem cells of the 
umbilical cord? Most multipotential adult stem cells share common characteris- 
tics with the myofibroblast-like cells isolated from umbilical cord matrix (31). 
Postnatal stem cells in the adult, from a wide variety of sources, appear to be 
capable of differentiation into multiple tissue types. Cells derived from bone 
marrow (65), skin (66), astrocytes (67), synoviocytes (68), adipose (69), and 
dental pulp (70) have recently been shown to be multipotential. Many of these 
multipotential stem cells may have a common precursor in that they are tissue- 
specific myofibroblasts. Myofibroblasts are found throughout the body and 
include bone marrow stromal cells, astrocytes, synoviocytes, and pericytes (71 ). 
Myofibroblasts in the adult take part in growth, development, and repair of 
normal tissue. They can also be the cause of organ fibrosis, scar formation, and 
tumors. Myofibroblasts have some tissue-specific functions but are similar in 
morphology, function, and biochemistry regardless of their location (71). Per- 
haps myofibroblasts or their precursors exist as a pool of pluripotent stem cells 
that exist in equilibrium between stem cells that are buried in the diverse organs 
and those that circulate from the bone marrow, similar to monocytes and mac- 
rophages as suggested by Labat for adult stem cells (72). There are intrinsic 
differences in fetal versus adult myofibroblasts that regulate their responses to 
cytokines, which in turn may account for the ability for scarless repair by fetal 
myofibroblasts (73). This may be a critical characteristic that favors younger 
myofibroblasts, such as those isolated from umbilical cord matrix for therapeutic 
applications. 

5. UMBILICAL CORD STEM CELLS AND THE IMMUNE 

SYSTEM 

Although much of the enthusiasm about the potentials for therapeutic appli- 
cations of ES cells is based on the hope that they will evade the immune system, 
very little work has been done to investigate this potential. Immunologic rejec- 
tion may be an important barrier for ES cell-based therapies if MHC molecules 
responsible for immune-mediated graft rejection are expressed by ES cells after 
they differentiate. Human ES cells express HLA class I but not class II molecules. 
Expression of both classes of molecules increases with differentiation in vitro or 
in vivo (74). As with ES cells, mesenchymal stem cells express low levels of 
HLA class I molecules but not class II (75). Importantly, they were able to 
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suppress mixed lymphocytic cultures and retained this capability even after dif- 
ferentiation. 

Tumor formation (teratomas) by ES cells is a major hurdle that needs to be 
overcome before this source of cells can be used in therapeutic applications. 
Preliminary findings show that, unlike ES cells, human umbilical cord matrix 
cells do not form tumors in immune compromised mice (23). Porcine umbilical 
cord matrix cells do not illicit an immune response when injected into rat brain 
or muscle, nor are they rejected at 4 weeks (24). The mechanism of this immune 
evasion is not known but may involve the low expression of HLA class I mol- 
ecules and expression of HLA-G (23), a nonclassical HLA that suppresses 
immune response at the maternal-fetal interface (76) and in muscle (77). 

Umbilical cord blood HSC have low immunogenicity with a lower incidence 
of graft-versus-host disease when used for transplantation in cancer patients, 
even when the number of HLA markers that are matched are lower (78). The 
mechanism of this potential to evade the immune system is hot understood. 
However, {^-microglobulin is expressed constitutively in cord blood cells (79) 
and is known to be an integral part of MHC expression in killer T cells and, thus, 
may play a role in immune evasion of umbilical cord blood HSC (80). Stem cells 
from umbilical cord appear to have the unique ability to evade the immune 
system, which makes their use therapeutical ly particularly exciting. More research 
on the mechanisms by which umbilical cord stem cells suppress immune response 
and how long after differentiation this is maintained is essential. 

6. POTENTIAL FOR CELL-BASED THERAPIES 

Umbilical cord blood is commonly used in cell-based therapies today for 
reconstitution of the bone marrow after radiation for cancers of the blood (36). 
There are some new experimental therapies using bone marrow transplant with 
cord blood cells being developed for other diseases. Umbilical cord blood trans- 
plantation in Wiskott Aldrich syndrome, which results in severe immune defi- 
ciency and early death if not treated, was found to result in rapid and reliable 
recovery of immune function, with low risk of graft-versus-host disease (81). 
Using umbilical cord blood stem cells taken from unrelated donors, Staba et al. 
(82) treated children with Hurler's syndrome, who lack of a functional enzyme, 
alpha-L-iduronidase. These researchers were able to treat these patients without 
radiation and to have improvement in survival and less neuronal degeneration 
than Hurler's patients who received bone marrow transplants. The researchers 
speculate that stem cells from cord blood may transport ct-L-iduronidase across 
the blood-brain barrier more effectively. In addition, they are younger cells and 
do not have to be matched as closely. Research is under way to expand the use 
of umbilical cord blood cells to treat other disorders such as (J-thalassemia (83). 
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Animal models suggest that umbilical cord blood cells may be useful in treat- 
ment of amyotrophic lateral sclerosis by slowing motor neuron degeneration 
when injected intravenously (84). Ende and coworkers found that intravenous 
injection of umbilical cord blood cells could extend the survival of several mouse 
knockout models of human disease, including amyotrophic lateral sclerosis (85), 
Alzheimer's (85), Huntington's (86), Parkinson's (87), and type I diabetes (88). 
Human umbilical cord blood cells also improve the mobility of rats with spinal 
cord injuries when injected intravenously. Cord blood cells were observed in the 
areas of injury of spinal cord but not others and never seen in the control, unin- 
jured animals (89). Similarly, umbilical cord blood cells were able to improve 
function in a stroke model in the rat when injected intravenously. The human 
umbilical cord blood cells differentiated into cells that expressed glial or neu- 
ronal markers (90). This suggests that umbilical cord blood cells have the ability 
to target to and heal neurologic defects. 

Cells from umbilical cord matrix may also be a source of cells for treatment 
of neurodegenerative disease. Medicate et al. (91) treated rats with a unilateral 
6-hydroxydopamine(6-OHDA) lesion thatcausedparkinsonian-like symptoms. 
Four weeks after the 6-OHDA lesion, rats were injected with umbilical cord 
matrix cells or sham transplants. Four weeks after transplantation, there was a 
significant decrease in apomorphine-induced rotatory behavior in the parkinso- 
nian rats, which received umbilical cord matrix cell transplants, as compared 
with parkinsonian rats that received a sham transplant. Normal rats, without 
6-OHDA lesions, were transplanted with umbilical cord matrix cells but 
showed no changes in behavior. This work suggests that umbilical cord matrix 
cells can target areas of neurodegeneration and play a role in healing of neural 
tissue. Amniotic cells may have a similar potential (92). Labeled amniotic epi- 
thelial cells were injected into monkeys with spinal cord injuries. Some labeled 
neurons were subsequently found in the spinal cord. Glial scar formation was 
decreased compared with animals that did not receive amniotic epithelial cells. 
More importantly, the function of the animals improved suggesting that amniotic 
epithelial cells help in axon regrowth. These studies suggest that cells from 
umbilical cord blood and other cells from extraembryonic tissues may be an 
important source of stem cells for a variety of therapeutic applications. 

7. SUMMARY 

There is much hope today for the many potential benefits that can be achieved 
through stem cell research, including a better understanding of the basic biology 
of stem cells that may provide insights into cancer when proper control of pro- 
liferation and differentiation have gone awry, for developmental processes, and 
for drug discovery. There is significant potential to discover new drugs through 
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stem cell research that will increase the proliferative capacity of specific popu- 
lations of ceils in the brain to ameliorate Parkinson's disease or in the islets to 
produce new insulin-producing cells or discover new chemotherapeutic agents 
that target the cancer stem cell and thus improve long-term survival of cancer 
patients. What is clear is that there is much yet to be learned; stem cell biology 
and regenerative medicine are in their infancy. We need to study cells from many 
sources to be able to harness these potentials. The cells from the umbilical cord 
and other extraembryonic tissues are a part icularly exciting and promising source 
of primitive stem cells based on their ready availability, low immunogenicity, 
and lack of tumorigenicity. The study of extraembryonic stem cells may also 
reveal the origins of the adult stem cell. Extraembryonic stem cells may also be 
a particularly usefu I tool in drug development because of their ready availability, 
making it possible to harvest cells that represent a genetically di verse population 
or stem cells that carry specific genetic defects. 
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